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Angiogenesis, the process of forming new blood vessels from existing ones, has
an important role in the development and progression of several diseases such
as cancer, Alzheimer’s disease and arthritis. Mechanical interactions between
endothelial cells (ECs) and an extracellular matrix (ECM) have been recognized
as being important to the progression of angiogenesis, as they regulate cell mi-
gration, cell responses to soluble cues, cell growth, lumen formation, etc. The
specific mechanisms underlying such interactions, in particular in a 3D setting
where cells are encapsulated in an ECM, are yet to be revealed. Existing find-
ings that mostly concentrate on the interactions in a 2D setting may not general-
ize well to elucidate those happen in 3D, as demonstrated by the differences of
their focal adhesions in the components, the signaling pathways and morphol-
ogy.
In this work, 3D interactions between the tip cells, or the stalk cells, and the
ECMs were investigated for the very first time, using the Particle Image Ve-
locimetry (PIV) technique combined with a collagen fiber tracking method. This
tracking method enables the recognition of collagen fibers in the microscopy im-
ages and the further analysis of their orientation. The results reveal that the tip
cells and the stalk cells involve the differentiated interaction behaviors, which
are consistent with the roles they play in sprout elongation. Moreover, the anal-
ysis concerning the tip cell lamellipodia reveals the diversity in their interac-
tion behaviors under certain conditions (i.e., when the heading of a sprout is
changing). The cellular force exerted was further analyzed with the use of the
proposed Stress Consistency traction microscopy (SCtm) method, which has
been demonstrated, in a set of rigorous simulation studies, to be an effective and
vi
highly accurate method for 3D cellular force reconstruction. The SCtm method
strategically treats the singularity problem with the Green’s function using a
Gaussian-point-based interpolation technique, thus leading to more accurate re-
sults compared to the traditional method. In addition, the design and modeling
of an adjustable cell-culture system with variable ECM stiffness are introduced.
It is based on the creation of pretension in an ECM using a magnetic field com-
bined with large amounts of micron-sized magnetic beads attached to the ECM
fibers. This system provides an engineered platform for studying the possible
influence of ECM stiffness on cell behaviors.
These enabling techniques and a set of newly identified characteristics of EC-
ECM interactions pertaining to angiogenic sprouting collectively represent an
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Angiogenesis is the process of forming new blood capillaries from preexising
ones. Activated by the angiogenic growth factors, endothelial cells (ECs) begin
to release enzymes that degrade the capillary basement membranes. The ECs
then invade the extracellular matrix (ECM) and form sprouts in which leading
cells are called tip cells, while others are stalk cells. Maturing sprouts fuse with
neighboring ones to form capillary loops. Newly formed blood capillaries gen-
erate basement membranes where pericytes and vascular smooth muscle cells
are then be recruited. Physiological angiogenesis is crucial to wound healing
and the formation of granulation tissue, while pathological angiogenesis has
been recognized in various illnesses such as cancer, stroke, arthritis and psoria-
sis [1]. An early-stage tumor usually stays in a dormant state until the expres-
sion of genes that trigger the development of a tumor vascular system, which
promotes its growth by supplying nutrients and oxygen.
An ECM basically comprises water, proteins (e.g., collagen and elastin) and
polysaccharides, providing physical scaffolding for cells. It also contains plenty
of chemical cues acting as sources of stimuli for cellular functions and behav-
iors. For instance, the presence of vascular endothelial growth factor (VEGF)
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helps in promoting EC proliferation and differentiation, preventing EC apopto-
sis and stimulating angiogenesis. Hepatocyte Growth Factor (HGF) and Trans-
forming Growth Factor (TGF) play roles in regulating EC growth. The soluble
mitogens (e.g., cationic and heparin-binding growth factor) have been found
to modulate the spreading and DNA synthesis of the ECs [2]. Moreover, ECs
could modify the compositions of the ECM. For example, at the initial stage
of angiogenesis, ECs release proteolytic enzymes that degrade the capillary
basement membranes. They also regularly deliver matrix metalloproteinases
(MMPs) such as MMP-1, MMP-2 and MT1-MMP to the ECM, thus clearing
the migration paths by degrading the ECM fibers therein [3].
Increasing attention has been paid to the regulation of cell behaviors by me-
chanical properties of an ECM. It has been revealed that ECM stiffness may
have impacts on cell morphology, migration behavior and tissue-specific behav-
ior. In [4], the results show that spreading ECs tend to round up and become
inactive with decreasing the substrate stiffness. The cells exhibit a particular
migration strategy only for 2D matrices, i.e., creating the gaps in the ECM by
generating a larger force than the substrate can resist. The cells protrude lat-
erally when migrating over a substrate, but this is not the case for those in 3D
matrices [5]. With a transition of rigidity introduced in the central region of the
substrate, researchers found that the cells reaching the transition region from
the rigid side turned around easily, while those from the soft side were more
likely to move across the boundary [6]. A wide ranges of proteins has been
identified as being associated with the interplay between a cell and a substrate.
The paxillin has been recognized as a regulator of EC’s migration behavior via
neuropilin 2 (NRP2) in [7]. Syndecan transmembrane proteoglycans could be
co-receptors for the ECM molecules and the growth factors [8]. CD44 modu-
lated the proliferation and apoptosis of the ECs via regulating CD31 in certain
ways [9,10]. V14-RhoA and N19-RhoA played entirely different roles in ECM
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remodeling [11].
Various engineering cellular systems have been developed to study cell-ECM
mechanical interactions, which refer to the assemblies of ECM proteins by the
cell through its receptors (such as integrins or HSPGs) binding to them [12,13].
Three commonly used ones include embedding bead markers in ECMs [14–
19], covering a substrate with micro-pillars [20–23], and placing a cantilever
on the path of cell migration [24, 25]. There are also novel approaches, such
as attaching oil droplets (coated with receptor ligands) to cells [26] and using
molecular force sensors that link integrins with a substrate [27]. The approach of
embedding beads in the ECM then tracking their movement appears to be more
commonly used due to its ability to provide a 3D environment more closely
resembling the actual extracellular environment than that resulting from the use
of micro-pillars and a cantilever.
Substantial findings have been obtained from these systems. In [14], the results
reveal that more prominent cell-substrate mechanical interactions are present
near the cell boundary compared to the central region. They seem to be the
pull actions with the direction being highly consistent with the inward normal
of the boundary. In addition to this type of interaction, the pushes acting on the
substrate, almost balanced or imbalanced in the anterior and posterior region
of the cell, are suggested in [19]. These cell behaviors probably occur amid
the sliding of myosin and actin filaments upon addition of Adenosine triphos-
phate (ATP). The sliding of myosin and filaments associated with actin filaments
contraction results in the tension being created in the cell [28, 29]. Through the
adhesions-localized proteins such as talin, α-actinin, vinculin, or tensin [30–32],
the tension is transmitted to the ECM, causing ECM remodeling with the den-
sification [33, 34] or realignment of the ECM fibers [35–37]. Transmembrane
receptors (e.g., integrins) recruit the aforementioned proteins, playing a central
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role in cytoskeletal organization [31, 38, 39], cell adhesiveness [40–42], and the
expression of the proteases for breaking down ECM fibers [43, 44].
1.2 Motivation and Objectives
Angiogenesis plays important roles in human physiology, ranging from repro-
duction to wound healing and tissue repair. Angiogenesis abnormalities may
be relevant to the formation and/or progression of various illnesses; however,
the mechanisms behind angiogenesis remain unknown in many respects. One
important aspect is how ECs mechanically interact with an ECM and how this
interaction modulates their behaviors. This aspect is still poorly understood
because of the lack of the experimental systems capable of triggering and sus-
taining ECs’ angiogenic behaviours. Most existing engineering cellular systems
have been developed only for investigating the attributes of the cells cultured on
the substrates. Such a simple configuration would not trigger the ECs’ angio-
genic behaviors.
While there are plenty of findings about how a migrating cell interacts with the
top layer of a substrate, they may not truly reflect the situations associated with
angiogenic behaviors in a 3D matrix. It is unclear whether during angiogenesis
ECs exhibit particular interaction behaviors that are distinct from those associ-
ated with their normal migration behaviors, regardless of the dimensionality of a
matrix. However, the dimension effect of a matrix does exist. This is evidenced
by the fact that focal adhesions formed in a 3D setting differ from those in a 2D
one, in terms of structure and localization [31, 45–47]. There is still a gap in
understanding how ECs mechanically interact with an ECM during angiogene-
sis.
It is unclear which is a stable marker for a type of interaction behavior: cell-
induced ECM deformation or cellular force [48, 49]? A cell may exert a differ-
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ent traction force while maintaining the level of deforming ECM when being
exposed to a different ECM; or it may keep the force constant, which yields
a different level of ECM deformation. This necessitates interpreting the cell-
ECM mechanical interactions from the perspectives of both cell-induced ECM
deformation and cellular force.
With the awareness of these gaps in understanding angiogenesis, the goals of
this research work were to:
• identify the behaviors of ECs when they mechanically interact with an
ECM in 3D;
• develop an engineered cellular system that supports angiogenesis, enables
screening for EC-ECM mechanical interactions and has adjustable ECM
stiffness; and
• develop enabling techniques for characterizing the mechanical properties
of ECM, detecting cell-induced ECM deformation and reconstructing cel-
lular force, both in 3D.
1.3 Thesis Contributions
This research work contributes to providing a set of enabling techniques and sev-
eral newly identified characteristics of EC-ECM interactions pertaining to an-
giogenic sprouting, which collectively allow better understanding of the mech-
anisms behind angiogenesis. The main contributions of the work are:
• Three-dimensional interactions between the tip cells, or the stalk cells,
and the ECM were investigated for the very first time, using the Parti-
cle Image Velocimetry (PIV) technique combined with a collagen fiber
tracking method.
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• The cellular force mediating such interactions was further analyzed us-
ing the proposed Stress Consistency traction microscopy (SCtm) method,
which had been proven, in a set of simulation studies, to be an effective
and accurate method for 3D cellular force reconstruction.
• An adjustable cell-culture system with variable ECM stiffness was mod-
eled, providing an engineered platform for studying the possible influence
of ECM stiffness on cell behaviors.
The novelty of some of the engineered tools used in the studies is summarized
as follows:
• a new collagen fiber technique enabling the recognition of several microns
of collagen fibers in the microscopy images and the further analysis of
their orientation;
• an updated 3D cellular force analysis method (i.e., the SCtm method)
that strategically treats the singularity problem with the Green’s func-
tion based on a Gaussian-point-based interpolation technique, and thus
achieves a higher accuracy compared to the traditional method; and
• two novel models that establish a mathematical basis for analyzing pre-
tension induced stiffening.
1.4 Thesis Organization
The remaining chapters of this dissertation are organized as follows:
Chapter 2 firstly reviews several previously reported engineered cellular systems
developed for studying cell-ECM interactions. It then discusses a set of particle
tracking techniques for particle-based screening for cell-induced ECM defor-
mation. Next, a series of commonly used methods of traction force microscopy
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are presented, including the convolution-based method, Fourier Transform Trac-
tion Cytometry (FTTC) and Virtual Deformation method (VDtm). Lastly, cell
migration behaviors in 2D and 3D are discussed.
Chapter 3 reports the results of characterizing EC-induced ECM deformation
using the passively constrained microrheology method (whereby microbeads
are embedded in an ECM via bioconjugation) with collagen fiber tracking tech-
niques to study cell-ECM interaction. Specifically, we characterize the mechan-
ical interaction between endothelial cells and ECM in a 3D setting by analyzing
cell-induced bead movement and fiber reorganization to develop a more accu-
rate description of cell-mediated ECM deformation that considers change in
the microstructure of the ECM. Using this integrated approach, we investigated
cell-ECM interaction behavior of the tip cell and a typical stalk cell in a special
scenario of angiogenic sprouting, in which the heading of the sprout changed
from the long-axis direction of one lamellipodium branch of the tip cell to that
of another. Our investigation reveals that the tip cell exhibits mainly four types
of behavior, namely, protrusion-related push, retraction-related push, pull, and
release, while the stalk cell has only two types, i.e., pull and migration-related
push. Tracking of collagen fibers leads to the conclusion that these interac-
tion behaviors collectively reposition and reorient collagen fibers to create a
well-organized ECM structure that supports the observed dynamics of angio-
genic sprouting. These results demonstrate the effectiveness of our integrated
approach in studying 3D cell-ECM mechanical interaction, and suggest its po-
tential utility in mechanobiology.
Chapter 4 introduces a Gaussian-Point-Based Interpolation (GPI) method to
treat the singularity problem with the Green’s function, which has an implication
for improving the accuracy in traction force reconstruction. It works by estimat-
ing values at singular points based on shape function applied to an isoparametric
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finite element. The results from simulation studies using 3D TFM with varying
noise levels and meshing conditions indicate the efficacy of the GPI method
in improving TFM accuracy. As another way to enhance TFM accuracy, cus-
tomizing Green’s function using the same boundary and force conditions as the
extracellular matrix (ECM) is suggested by the conducted sensitivity analysis.
The results of traction forces of a sprout (consisting of endothelial tip and stalk
cells) invading an ECM as a whole during in vivo angiogenesis further visually
support the findings of simulations.
Chapter 5 firstly briefly introduces our previously reported method of manipu-
lating ECM stiffness with beads and a magnetic field. Then, two models for pre-
dicting macro- and micro-scale stiffness are presented. Next, the performance
of the models is discussed by comparing the experimental results with the an-
alytical results. The actual macro-scale stiffness of the ECM was measured in
the tensile tests, while its micro-scale stiffness was estimated in the indentation
tests on AFM.





2.1 Engineering Cellular Systems
Systems for measuring cell-substrate interactions emerged in the 1960s. Yoneda
et al. placed a micro-needle in the vicinity of a cilium to detect the torque exerted
from it. The torque was converted from the deflection of the micro-needle that
had been calibrated with a range of ultrasmall forces [50]. This method only
allowed them to probe a single point in each experiment, though. In 1973, Harris
et al. proposed to superimpose the thin and flexible film onto substrates [51].
The film distortion was established to show the activity of the cell seeded on the
substrate. However, the analysis of such distortion was extremely difficult due to
lack of features facilitating tracking. A significant improvement in this method
was presented by Dembo et al. in [14]. They introduced ultrasmall beads as
tracking features in substrates. The cell-induced deformations of the substrates
were inferred from the movement of these beads. The results they provided
only show cell interaction behavior on the cell-substrate interfaces. Also, no
coating was implemented on the surfaces of the beads used, which might reduce
the accuracy in the establishment of substrate deformations, due to the potential
free movement of the beads in the substrates.
An array of microposts made from polydimethylsiloxane (PDMS) was also used
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as a substrate to explore cell interaction behavior in many studies such as [20–
23, 52, 54]. The standard procedures for fabricating such a micropost array are
summarized as follows. A template with an array of holes is firstly made by
pouring PDMS over a silicon mold fabricated by the standard photolithography.
PDMS is then poured over the template to produce a micro-post array for cell
experiments. It is usually immersed in the fibronectin or collagen solution for
a certain period of time or printed with these proteins to allow cells to attach to
it. The calibration of the bending characteristics of these micro-posts is usually
complicated, but important to the study. In [54], the calibration was conducted
under the weight of p-nitrophenol crystals, while in [52] it was processed using
the commercial finite element method (FEM) tool. The stiffness of micro-posts
changes with varying diameters or lengths of micro-posts while maintaining
porosity, polymer chain mobility, and hydration. However, a PDMS micro-post
array yields an extracellular environment that is largely different from the real
circumstance.
Alongside the above commonly used methods, there are several novel ones.
Campas et al. in [26] attached the tiny oil droplets to the cells to investigate
cell-cell interactions. The oil droplets were made from Fluoroinert FC 70 flu-
orocarbon oil and purified water containing biocompatible surfactants. They
were coated with mE-Cadherin antibodies or RGD peptide to allow the cells
to adhere to the droplet surface. 3D surfaces of the droplets were built based
on a stack of 2D contours acquired from the confocal. Local stress exerted on
the droplet could be deducted from the distortion of the droplet. Placing the oil
droplets (about 10 μm) between the cells, however, may block the communica-
tions between them. Meng et al. introduced a type of molecular tension sensor
consisting of a pair of a host and a linker in [27, 55]. It is a fluorescence res-
onance energy transfer (FRET) sensor comprising a green fluorescence protein


















































































































































































































































































































































































































































































































































































































































































































































































in the length of the linker could be described based on the FRET efficiency.
Although this novel approach has potential for establishing cellular forces with
single molecule sensitivity, the implementation of such sensors is likely to af-
fect cell attachment to a substrate. Table 2.1 shows an extensive summary of
existing cellular systems in terms of features such as the tracking technique, the
coating condition and the cell type.
2.2 Particle Tracking Techniques
Particle tracking techniques developed from the methods to compute the opti-
cal flow that is used to show image motion. Three methods enabling tracking
particles in images are summarized here, namely, the differential methods, the
frequency-based methods and the correlation-based methods.
Differential methods solve image velocity based on the so-called “ optical flow
constraint equation,” which assumes that local intensities are maintained amid a
small motion of the region. It is formulated as,
I · v + It = 0, (2.1)
where I = (Ix, Iy) is the intensity gradient, It are first order partial derivatives
of I and v is the image velocity.
The size of a neighborhood for estimating the v determines whether each method
is local or global. A well-known local method in [56] provides a weighted least-
squares solution to Equation 2.1,
∑
x∈O
w2(I · v + It)2, (2.2)
where w is the weighting and O is the neighborhood.
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A global method is given by Equation 2.3 in [57]. The regulation term was
added to Equation 2.1 on the grounds that the differences in the neighboring
velocities should be negligible.
∫
O
((I · v + It)2 + λ2tr((v)T (v)))dx. (2.3)
Unlike differential methods, correlation-based methods, also called particle im-
age velocimetry (PIV), yield image motion with cross-correlating techniques
[58, 59]. The standard procedures for implementing correlation-based methods
are summarized as follows. For each analysis, a pair of images, in which the
second image Tint is acquired after the capture of the first image, are needed.
They are divided into the grid of interrogation windows. Alignment of these
two images based on a common characteristic pattern is conducted prior to
such partition to minimize the influence (on the accuracy of the measurement)
of the possible drift of the microfludic device or the stage. The intensity dis-
tribution in each interrogation window of the second image is interrogated to
obtain the bead displacement in the targeted interrogation window of the first
image. Specifically, the cross-correlation of the intensity distribution from the
targeted interrogation window of the first image to each interrogation window
of the second image is calculated in spatial domain, and the maximum peak of
all these cross-correlations is then determined. The displacement of the beads
in the targeted interrogation window could be known from the spatial location
of the peak. For sub-pixel accuracy, the surrounding locations of the maximum
peak might also be taken into consideration. Removal of false vectors (i.e.,
those whose feature is completely different from that of the neighboring vec-
tors) from the PIV measurement might be necessary to correct the result and
make it more meaningful for showing cell-mediated ECM deformation. The
PIV measurement of two-dimensional bead displacement can be extended to
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the three-dimensional case. Intensity distribution as a function of x, y and z is
cross-correlated from the first volumetric image stack to the second one to yield
three-dimensional bead displacement [19, 60].
Frequency-based methods use a series of filters to extract “spatio-temporally
oriented energy” in the Fourier domain of time-lapse images, which could be
readily transduced to image motion [61]. For example, a point at the origin of
Fourier space represents a region of constant intensity, while a line in frequency
space corresponds to a spatially oriented pattern moving with a constant velocity
[62].
One of the most widely used filters is the Gabor filter, which is a Gaussian








where x′ = xcosθ + ysinθ, y′ = −xsinθ + ycosθ. λ is the wavelength, θ is
the orientation of the normal to the parallel stripes of a Gabor function, γ is the
spatial aspect ratio and ϕ is the phase offset.
2.3 Traction Force Microscopy
Three commonly used methods are reviewed here, namely, the convolution-
based method in [14,23], Fourier Transform Traction Cytometry (FTTC) in [63]
and Virtual Deformation traction microscopy (VDtm) in [64].
2.3.1 Convolution-Based Method
This method is based on the convolution of traction force and deformation for a





where Ψi,q denotes the deformation at point i in q direction, Tr,p denotes the
traction force at point r in p direction and Gp,q denotes Green’s function that is
a function of the spatial difference between point i and r. Total deformation at
point i is computed by adding up the effects of traction forces over the entire
cell-substrate interface.
The numerical difficulty in directly solving Equation 2.5 for traction force leads
to the seeking of a least-square solution instead. It requires addressing an ill-
posed problem, i.e., the coefficient matrix has a very large condition number,
meaning that the result would be very sensitive to any small perturbations in b
(for min‖Ax− b‖2).
An inherent R−1 singularity problem with G function appears when point i ap-
proaches point r. A common way to treat it is truncating the experimental data
of deformation in the positions near the force sites. But this would introduce er-
rors in reconstructing the forces due to the truncated data being more prominent
compared to those used for the reconstruction.
2.3.2 Fourier Transform Traction Cytometry (FTTC)
The FTTC method is also based on Equation 2.5. It solves the convolution in
frequency domain, which turns out to be a multiplication,
Tˆ = GˆΨˆ (2.6)
The exact form of Gˆ has been provided only for a 2D setting (see Equation 2.7),
which leads to the FTTC method still being limited to 2D analysis of traction
force across a plane. It found that the FT and inverse FT restrain the accuracy
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of the FTTC method because when implementing the inverse FT of Tˆ , its imag-
inary components need to be truncated. When using the FTTC method, forcing
the reconstructed forces to fall into the cell region is necessary. An iterative ap-
proach is introduced in [63], which continually adjusts the force results to make









where E is Young’s modulus, ν is Poisson’s ratio, and r is the spatial difference
between the deformation point and the force point.
2.3.3 Virtual Deformation Traction Force Microscopy (VDtm)
In the VDtm, the deformation of the substrate in the cell region is extracted ex-
perimentally, denoted as Ψc, which is used to establish theoretically the defor-
mation in other regions, denoted as Ψe, based on the first equation in Equation
2.8. With the use of Ψc and Ψe, the traction force Tc is reconstructed for the cell
region. One concern for this method is that the number of unknown variables
(i.e. Ψe) is much larger than that of known ones, resulting in non-uniqueness of


















2.4 Cell Migration Behaviors in 2D and 3D
Cellular strategies for migrating over 2D substrate have been well defined. It
found that they basically contain three processes: (i) the protrusion of the cell’s
leading edge for attachment to the substrate, (ii) the contraction of the whole
cell body and (iii) the detachment of the cell’s trailing edge from the substrate.
By contrast, if a cell is exposed to 3D networks of ECM fibers, it is likely to
form a bipolar shape that helps it to pass through the holes. The cell also re-
leases proteinase that degrade ECM fibers to clear the frontal migration path.
Furthermore, it has been revealed that in a 3D matrix the cell has a much higher
migration rate than that on a substrate.
The differences in structure, location and components of FAs between 3D and
2D matrices probably play a role. For a 3D matrix, FAs are more like ellipses
with major axes being highly consistent with the orientations of neighboring
fibers, which is not the case for a 2D matrix where FAs commonly appear as
irregular dots [45]. Moreover, the coexistence of FAK, paxillin and α5 inte-
grin could only be found in the case of a 3D matrix. Also, α5 integrin has
different influences on cell migration in 3D matrices and over 2D ones. Auto-
phosphorylation levels of FAK are found to be down-regulated in 3D matrices
compared to 2D ones [47].
Taken together, it may not be valid to extrapolate the 2D results about cell-








This chapter reports a study that was conducted for characterizing endothelial-
cell-induced ECM deformation during sprouting angiogenesis. The investigated
ECs were within the well-formed multicellular structures in which the tip cells
guided the motion of the stalk cells. This marks a point of departure from most
existing studies focusing on a single cell migrating over a substrate.
To screen for the ECM deformation, we embedded strepavidin-coated beads (of
approximately 1.5 μm in diameter) in the ECM to create the strong covalent
bonds between the beads and the collagen fibers [69]. The movement of the
beads is passively constrained in the absence of disturbances from the ECs due
to the bonds formed, as illustrated in Figure 3.1. These beads could only be
moved due to the ECs-induced ECM deformation (or the collagen fibers remod-
elling), thus being more stable markers for characterizing the behaviors of the
ECs interacting with the ECM. We refer to this approach as passive constrained
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Figure 3.1: The beads are passively constrained by the collagen fibers due to the bio-
conjugation.
microrheology (PCmR).
Using PCmR, we studied the following three main aspects of EC-ECM inter-
actions: (i) the patterns of the ECM deformation mediated by the tip cells or
the stalk cells, (ii) the sizes of the ECM areas deformed by the tip cells or the
stalk cells and (iii) the collagen fiber remodelling due to the EC-ECM interac-
tion.
We first investigated the behaviors of the tip cells by tracking the movement of
the beads surrounding them. A set of the time-lapse reflectance images acquired
from the confocal system were cross-correlated based on image intensity to
quantify the the movement of the beads in 3D. The results revealed four types of
tip-cell-ECM interaction behavior, namely, protrusion-related push, retraction-
related push, pull, and release, which were named according to the activities of
the tip cells.
We then studied the dynamics of the tip cell lamellipodia over a 2-3 hour period,
and quantified their involvement in the identified four types of tip-cell-ECM in-
teraction behavior during this period. The two lamellipodium branches evolv-
ing differently were targeted, the results of which showed that they involved
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partially differentiated interaction behaviors regarding types and persistence of
each type.
The differences between tip cells and stalk cells in roles during sprout growth
sparked the separate studies on their interaction behaviors, the results of which
indicate that stalk cells may be less sophisticated compared to tip cells. The stalk
cells are associated with two types of interaction behavior, namely, pull, and
migration-related push. A comparison between the tip cells and the stalk cells
in the average pull scale reveals that there is no significant difference between
them.
The last feature of EC-ECM mechanical interactions reported herein is the col-
lagen fibers remodeling. This extends the study of cell-ECM interactions from
the perspective of considering the ECM as a discrete medium (characterized by
the locations of the beads) to the one of considering it as a continuum. While
tracking the movement of the beads yields the accurate results about ECM de-
formation in the bead locations, the analysis of the collagen fibers remodeling
could provide the supplementary information about the displacement of the re-
gions occupied by the collagen fibers.
3.2 Materials and Methods
3.2.1 Microfluidic device
The design of a microfluidic device described in [70] was adopted, as shown in
Figure 3.2. Inlets were configured to allow collagen solution, media and cell
solution to be delivered to respective channels. The devices were fabricated
from polydimethylsiloxane (PDMS - Dow Corning Sylgard 184) using standard
soft lithography and plasma bonded to glass cover slides. The devices were
transferred to a beaker with sterilized water for autoclaving and then dried up in
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an oven at 80◦C ahead of collagen injection.
Figure 3.2: Microfludic device for in vitro endothelial sprouting. a) Microfluidic device
made from polydimethylsiloxane (PDMS) b) Design of inner channels and inlets c)
3D schematic view of endothelial sprouting d) Microscopic view of sprouts using an
inverted optical microscope with 20X objective
3.2.2 Preparation and Characterization of ECM
Rat Tail Collagen Type I (BD Bioscience) was used for preparation of collagen
solution at 2.5 mg/ml and PH 7.4. The streptavidin-coated beads at a concen-
tration of 0.075 mg/ml (D ≈ 1.5 μm, BM551 from Bangs Laboratory) were
injected into the collagen solution and mixed thoroughly with the solution after
pipetting up and down. The use of bead concentration of 0.075 mg/ml in our
experiments resulted in beads in the ECM not being sparsely distributed. In the
meantime, this concentration leaded to a distance between two adjacent beads of
nearly 10 times the pore size of the ECM, from which a reasonable assumption
that the ECM is a continuum could be made.
The solution was then gently filled into the gel-filling channels (15mm×1.3mm×0.2mm)
of the microfludic devices. The microfludic devices were placed into an incuba-
tor for at least one hour to allow gelation, during which the beads strongly bound
onto collagen fibers. The macro-scale stiffness of the ECMs was measured with
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a microTester (Instron 8848) capable of performing tension, compression, and
fatigue tests on miniature specimens from engineered tissues to implantable de-
vices. Tension tests were carried out on ECM samples at a rate of 10mm/min.
A continually increased load force for maintaining the extension of the sam-
ple at this rate was recorded automatically by the microTester. The fitting was
performed in an approximately linear region of force-extension curves, which
yielded the Young’s modulus of the ECM samples, i.e., 2158 Pa. Please refer to
section 5.3.1.4 for details of the tension tests.
3.2.3 Cell Seeding and Microscopy
Human microvascular endothelial cells (HMVEC, Lonza) were cultured in EGM-
2 media (Lonza), and seeded into the cell-seeding channel at passage 7 at 2.5×
106 cells/mL. The channel opposite to the cell-seeding channel had been filled
with the media prior to cell seeding such that cell solution was capable of flow-
ing through the entire channel due to the pressure difference between these two
channels. HMVEC were allowed to grow after seeding until a confluent cells
monolayer was formed on the channel interface. HMVEC were starved for 2
hours prior to conditioning with 20 ng/mL in the cell seeding channel and 40
ng/mL in the media channel. The media was changed every 24 hours.
Imaging of the microfludic assays was conducted using a confocal system mounted
on an inverted optical microscope with 60× oil immersion objective (NA =
1.42). The transmitted light (laser 405) and reflected light (Alexa Fluor 546)
were turned on to produce slices of bright-field and reflectance images, as shown
in Figure 3.3. A short time interval of about 13 minutes was set to keep a close
watch on the ECs, while a high spatial resolution of about 1 μm was used to
ensure the accuracy of the tracking method. These settings combined with a
minimum amount of dye used would not bring an observable negative influence
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on cells based on our experience.
Figure 3.3: Imaging of the microfludic assays.
3.2.4 Bead-Tracking and Collagen-Fiber-Tracking
Two assumptions were made on the mechanical properties of ECM for the use
of the PIV method, including i) the ECM is a continuum. i.e., homogeneous
and isotropic, and ii) cell-induced changes in the mechanical properties of the
ECM are negligible. The first assumption was made based on the average pore
size (less than 1.3 μm at the collagen concentration of 2.5mg/ml [68]) is much
smaller than the average distance between two adjacent beads, which is about
14 μm measured in the region of 227 × 105 μm. It is inevitable that cells alive
continuously modify an ECM; therefore, an assumption of a negligible influence
imposed by cells alive on an ECM is needed for any studies about the interplay
between cell activity and an ECM.
The open source software MatPIV for PIV measurement provided in [72] was
utilized in our study for characterizing dynamics of the tip cell lamellipodia on
the chosen plane. The PIV measurement of two-dimensional bead displacement
can be extended to the three-dimensional case. Intensity distribution as a func-
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tion of x, y, and z was cross-correlated from the first volumetric image stack
to the second one to yield three-dimensional bead displacement [19, 60]. The
MATLAB code provided by the Franck’s lab in [73] was utilized in our study to
quantify three-dimensional beads displacement with sub-pixel accuracy for the
further characterization of three-dimensional EC-ECM interaction.
We developed a collagen fiber search technique for the purpose of analysing the
concentration and orientation of collagen fiber near and away from the sprout.
In this technique, the reflectance image of collagen fibers was thresholded to
pick out pixels of collagen fiber from the background prior to collagen fiber
search. Salt and pepper noise yielded in the thresholding process was reduced
effectively by using a Wiener filter. For a collagen fiber pixel p, the possibil-
ity that there was a left-titled or right-titled collagen fiber at p was investigated
based on the intensity in a rectangular window with p located at the upper right
corner or the upper left corner. In this way, the collagen fiber that was divided
into discontinuous segments (because of the thresholding process) could also be
recognized. If the intensities in these two rectangular windows were sufficiently
low, we assumed that no collagen fiber existed at p and thus discarded p; other-
wise the number of fiber was updated accordingly. In case there was a left-tilted
or right-tilted collagen fiber, its exact orientation was further investigated by
measuring the angle of the line connecting p and the central pixel of the fiber.
The collagen fiber at p was finally reconstructed based on the location of p and
this central pixel as well as the orientation of the fiber.
The above procedures was repeated on other collagen fiber pixels. An alternative
method described in [33] was also applied to verify our technique for collagen
fiber orientation measurement. In [33], a rectangular window is moved across
the image of collagen fibers. The moment tensor TM of the pixels in the window
is then calculated. The eigenvector corresponding to the larger eigenvalue of the
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moment tensor is selected, and the ratio of the elements in this eigenvector is
used to indicate the slope of the collagen fiber.
3.3 Dynamics of Endothelial-Cell-ECM Interactions
A representative sprout formed at an early stage of angiogenesis was imaged
together with its surrounding ECM, using both transmitted and reflected light,
to produce a stack of slices of bright-field and reflectance images. The sprout
morphology was extracted from all slices of this stack by repetitive hole-filling
and edge-searching. The overlaying of the sprout morphology from these slices
produced a digital three-dimensional sprout.
Using the time-lapse reflectance images with the positions of beads clearly indi-
cated, interaction behavior of the tip cell and the stalk cells with the ECM were
investigated by analysing the motion of the beads at regions of interest medi-
ated by this interaction. Two lamellipodium branches (i.e., identified as B1 and
B2 in Figure 3.4) with distinctive growth rates were targeted for studying the
dynamics of the tip-cell lamellipodia interacting with the ECM.
3.3.1 Heading of Tip Cell with Lamellipodial Growth
Consistent with the recent finding reported in [74] that cell migration was guided
along the lamellipodium (and filopodium) that had stable contacts with the sub-
strate, we observed that the tip cell that was initially heading along the shaft axis
of the B1 changed its heading to the shaft direction of the B2, accompanied by
the retraction of the B1, as shown in Figure 3.4. We used the angle (measured
anti-clock-wise) between the horizontal axis and the central axis of the lumen
formed by connecting the nucleus of the tip cell and that of the immediate stalk
cell to define the heading of the tip cell. At the start of the time-lapse imaging
with transmitted and reflected light (i.e., t = 0), the tip cell headed in a direction
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Figure 3.4: Sprout elongation with lamellipodial protrusion and retraction from t = 0
to t = 104 min. The extracted boundary of the sprout is indicated in blue. The tip-
cell heading is indicated by the angle between the horizontal axis and the central axis
of the portion of the lumen connecting the tip cell and the following stalk cell. This
angle changed from 141◦ to 104◦ within about one hour, along with the retraction of the
tip-cell lamellipodium branch B1 and continual protrusion of the tip-cell lamellipodium
branch B2.
of 141◦ with the B1 and B2 having approximately equal size. At t = 39 min,
the heading was found to be 134◦, with the B1 retracted and the B2 protruding
further. This pairwise retraction-protrusion pattern persisted until t = 104 min,
when the B1 had retracted entirely while the B2 protruded further with a couple
of filopodia-like cytoplasmic projections extended outwards from the B2, and
the heading of the tip cell was reduced to 104◦, consistent with the shaft direc-
tion of the B2. According to the “motor-clutch” model developed in [15,75], the
retraction of the B1 was probably caused by the fact that contacts with the ECM
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formed by the B1 (and filopodia extending from it) were not stabilized suffi-
ciently and thus could be broken while resisting the myosin-driven retrograde
flow.
3.3.2 Tip-Cell-ECM Interactions and Lamellipodial Dynam-
ics
3.3.2.1 Four Patterns of Mechanical Interaction between Tip Cell and
ECM in 3D
We characterized the mechanical interaction in 3D between the tip cell and the
ECM that occurred concurrently with change in the heading of the tip cell, in
terms of bead motion mediated by the tip cell. Four main types of tip-cell-ECM
interaction behavior were observed, and classified according to the activities of
the tip cell as protrusion-related push, retraction-related push, pull and release,
as illustrated in Figure 3.5(a)-(d), respectively.
The protrusion-related push was characterized by an array of parallel vectors,
with magnitude ranging from 0.3 μm to 1.5 μm, contained approximately within
a plane approximately 0.2 μm above the top surface of the sprout (i.e., in the z
direction.) The directions of these align with that of the lamellipodial protrusion.
The protrusive force from the lamellipodia may mediate this type of interaction
behavior.
The feature of the retraction-related push was very similar to that of the protrusion-
related push, with the main differences being that in the former the direction
of bead motion was consistent with that of lamellipodial retraction and it had
a narrower range of magnitude from 0.8 μm to 1.3 μm. We may infer from
this type of interaction behavior that the retraction of the lamellipodium also





































































































































































































































































































































































































































































































































































































Compared to the above two types of interaction behavior, the pull and the re-
lease behaviors are characterized by out-of-plane bead movement, and involve
beads located relatively farther away from the lamellipodium.In the pull type,
the displacement vectors associated with the beads exhibit a fan-shape arrange-
ment with their collective directions pointing towards the lamellipodium from
all directions and have a magnitude of 0.3∼0.8 μm. This type reflects the pulling
action in 3D of the tip cell on the ECM in the radial direction.
In the release type, the displacement vectors associated with the beads also have
a fan-shape arrangement, with magnitude of 0.5∼2.5 μm but with their collec-
tive directions pointing outward from the lamellipodium. This type was ob-
served only during the retraction of the lamellipodium. A plausible explanation
is that during the retraction of the lamellipodium, lamellipodium-matrix bonds
break, resulting in the release of collagen fibers (from the retracting lamel-
lipodium) and in the restoration of the ECM to its nominal shape [15,74].
3.3.2.2 Specializing the Identified Four Patterns in Analyzing Tip-cell Lamel-
lipodial Dynamics
We further studied the dynamics of the tip-cell lamellipodia during a period
(from t = 0 to t = 117 minutes) in which the a distinct change in the heading
of the tip cell was observed. We classified and measured the bead motion relat-
ing to this change of heading to quantify the involvement of those lamellipodia
in the four types of interaction behavior during this period. The 3D vectors of
bead motion have diverse directions, which makes classifying a large number of
vectors of bead motion in 3D intractable. To reduce this diversity so as to en-
able quantification of various cell-ECM interaction behavior, we projected these
vectors onto the central plane of the sprout (also the central plane of the lamel-
lipodia) parallel to the plane z = 0, and then classified these projected vectors
based on their features associated with the four types of tip-cell-ECM interaction
29
behavior. The morphology of the lamellipodia was extracted from the plane and
superimposed on the projected bead motion to re-establish their correspondence
in the plane of projection, thus preserving the inherent relationship between the
morphology of the lamellipodia and the bead motion.
Two lamellipodium branches, B1 and B2 as shown in Figure 3.4, with differ-
ent growth rates were studied. The morphology and growth rate of these two
branches changed in different ways while the tip cell tended to align its direc-
tion of migration to that of the shaft of B2, as discussed previously. Figure 3.6(a)
shows the averaged magnitude of bead motion associated with the four types of
tip-cell-ECM interaction behavior mediated by B1 and B2, respectively, at nine
time points (with the interval between two points being Tint = 13 min) which
collectively covered the event of the tip cell changing its direction of migration
and the morphology of these two lamellipodium branches.
From Figure 3.6(a), it can be inferred that there was a conversion from protru-
sion to retraction for B1 after 52 minutes, while only protrusion was observed
in B2 through the entire 117 minutes. This is consistent with the fates of the two
lamellipodia observed from the bright-field images. The strength of protrusion
of B2 (as indicated by the magnitude of the bead movement associated with the
protrusion-related push) was more than twice of that of B1. In particular, for B1
the magnitude of the bead displacement associated with the protrusion-related
push (ranging from 0.3 μm to 0.5 μm) was substantially smaller than that associ-
ated with retraction-related push (from 0.7 μm to 1.3 μm), while the magnitude
of the displacement associated with the pull type (from 0.2 to 0.3 μm) was sub-
stantially smaller than that associated with the release type (from 0.3 to 0.8 μm).
From these observations, we conclude that the retraction of the lamellipodium
was completed within a relatively shorter period (around 65 minutes) but with a



















































































































































































































































































































































































































































































































































































Figure 3.6(b) shows the Pearson correlation coefficient among the four types of
tip-cell-ECM interaction behavior. It can be observed that each of the two pairs,
namely, pull and protrusion-related push, and release and retraction-related push,
has a strongly positive correlation, while each of the other four pairs exhibits a
strong negative correlation. It can thus be concluded that, in the context of these
two lamellipodia, lamellipodial protrusion is accompanied by a pulling action
on the ECM, while the release of the ECM fibers is evident in lamellipodial
retraction.
We further examined the extent of the protruding actions of B1 and B2 in
comparison with their pulling actions. Figure 3.6(c) shows nine pairs of data
(with each pair corresponding to one of the nine time points) of the protruding
scale versus the pulling scale of B2, and four pairs of data for B1 because its
protrusion-pull action can only be observed within the first four time points and
it experienced transition from protrusion to retraction after the fourth time point.
It can be seen from the figure that the magnitude of bead motion manifesting the
protruding of B1 was kept approximately constant at about 0.4 μm, while that
manifesting the pulling of B1 increased from 0.2 μm to 0.3 μm. For B2, the
magnitude of bead motion manifesting pulling was kept at approximately 0.3
μm, but that manifesting protrusion exhibited a wider range (from 0.4 μ m to
1.2 μm.) This may suggest that the lamellipodium undergoing a retraction fol-
lowing a certain period of protrusion might have a smaller scale of protrusion
(as indicated by the magnitude of the associated bead motion) prior to retraction,
but with a pulling scale comparable to that of the lamellipodium that continued





















































































































































































































































































































































































































































































































































































































































3.3.3 Stalk-Cell-ECM Interactions and Comparisons with Tip-
Cell-ECM Interactions in Pulling Scale and Active Re-
gion
3.3.3.1 Two Patterns of Mechanical Interaction between Stalk Cell and
ECM in 3D
To study the interaction between a stalk cell and the ECM in the specific sce-
nario in which the tip cell changed its direction of migration, we selected a stalk
cell located far away from other cells in order to minimize the influence, if any,
of those cells (including the tip cell) on this interaction. The nucleus of the tar-
geted stalk cell was about 90 μm away from that of the tip cell and about 60 μm
away from that of the nearest stalk cell in the y-direction, as is shown in Fig-
ure 3.7(a). We observed two main types of stalk-cell-ECM interaction behavior,
namely, (i) migration-related push, and (ii) pull. We further compared the pull
with that from the tip cell in the magnitude of pulling indicated by magnitude
of bead movement mediated by such pull action. Lastly, we defined 3D active
areas for this stalk cell and the tip cell based on magnitude of bead movement,
considering the combined effect of existing multiple types of interaction behav-
ior for them at the observation point t = 39 min, e.g., two types of interaction
behavior for this stalk cell, pull and migration-related push.
The migration-related push was characterized by an array of parallel displace-
ment vectors distributed above the stalk cell. The collective direction of these
vectors was consistent with the migration direction of the stalk cell, as is shown
in Figure 3.7(a). This type of interaction between the stalk cell and the ECM is
probably related to the migratory behavior specific to stalk cells, i.e., the “back-
ward and forward” movement of the stalk cell along the path of elongation of
the sprout suggested in [76, 77]) supporting the elongation of the sprout. Such
movement of stalk cells breaks the assumption of a “navigate-pull-proliferate”
process in the elongation of the sprout, in which the tip cell navigates as a
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leader and applies a pulling force on non-migrating stalk cells as followers,
triggering the proliferation of stalk cells and the subsequent elongation of the
sprout [78–80]. Our observation of the pull-type interaction behavior of the
stalk cell with the ECM further verifies such movement by providing the evi-
dence on the existence of contractile force from stalk cells, which could drive
the migration of stalk cells in a similar fashion also exhibited by other types
of cells. This pattern was directly related to the discontinuous backward-and-
forward movement of the stalk cell that was coordinated with the movement of
the tip cell. When migrating, cells secrete matrix metalloproteinases (MMPs)
that degrade the ECM to create a path and squeeze through the pores in the
ECM. The squeezing action is probably the cause of this observed migration-
related push [81–84].
3.3.3.2 Pulling Scale of Stalk Cell and Tip Cell
To compare the magnitude of the pull exerted by this stalk cell on the matrix
with that by the tip cell, we projected the movement of the beads mediated by
this stalk cell from a three-dimensional space onto the same central plane (of
the sprout) that was used to analyze the dynamics of the tip cell lamellipodia.
We then determined the average of the magnitudes of bead motion related to
the pull of this stalk cell on the matrix measured on this plane at the nine time
points, as we had done earlier for the tip cell. The result shown in Figure 3.7(b)
indicates that there is not much difference in terms of the average magnitude of
the pull on the matrix between the tip cell (around 0.31 μm) and the stalk cell
(around 0.28 μm).
3.3.3.3 Active Region of Stalk Cell and Tip Cell
The second aspect of stalk-cell-ECM interaction that we studied concerns the
active area of the stalk cell. When identifying the active area associated with
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a tip cell, we focused on regions in the ECM that were reached only by the
filopodia of the tip cell. When identifying the active area of a stalk cell, we
focused on ECM regions in the vicinity of a stalk cell located sufficiently far
away from other stalk cells and the tip cell. The magnitude of bead motion was
calculated as
√
dx2 + dy2 + dz2, where dx, dy, dz are the bead displacement in
the x, y, and z directions, respectively. The result was mapped onto the x-y
plane (at z = 105 μm) upon which the sprout was also superposed, as shown in
Figure 3.7(c). Three ECs, i.e., one tip cell and two stalk cells, are indicated in
Figure 3.7(c). The cross-sectional views of the x-z plane (at y = 160 μm) and
the y-z plane (at x = 25 μm) at the position indicated by the two black lines are
also shown.
It can be seen from the figure that the boundary of the active-area map in the x-y
plane resembles the outline of the sprout. At the stalk cell region, the furthest
location (marked by a star in the x-y plane in Figure 3.7(c)) that exhibits cell-
mediated displacement was 45 μm away from the stalk cell. In contrast, beads
located as far as 70 μm away from the tip cell can be observed to be displaced
by the tip cell. This indicates that the mechanical influence of the stalk cell (in
terms of ECM deformation) does not reach as far as that of the tip cell, due to
the fact that stalk cells do not have long filopodia
Examination of the magnitude of bead displacements reveals that there is not
much difference between the stalk cells and the tip cell, both ranging from 0.2
μm to 1.4 μm. In the y-z plane, beads that were displaced were found to be
in two regions, the region of the tip cell and that of the stalk cell (the nucleus
was marked by the symbol “∗”). The lengths of both regions in the z direction
ranged from z = 60 μm to z = 120 μm, indicating not much difference between
the stalk and the tip cell in terms of their ability to displace the ECM in the
z direction. In the x-z plane, beads that were displaced were found in two
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regions affected by the two tip-cell lamellipodium branches. These two regions
were observed to have a different range in the z-direction with a deviation of 40
μm.
3.3.4 Collagen Fibers Remodelling in EC-ECM Interactions
Using the proposed PCmR approach, analysis of cell-mediated ECM deforma-
tion could reach sub-pixel accuracy by accurate bead tracking [19]. The re-
sult, however, only pertains to deformation data at discrete bead locations in the
ECM. The effectiveness of interpolating these data to produce deformation data
at other locations depends on the concentration and distribution of the embedded
beads, which in turn is limited by the consideration for minimizing the change
in the material properties of the ECM due to the introduction of the beads.
An alternative is to track the movement of the collagen fibers in order to estimate
the deformation of the ECM as a continuum. Existing technologies, however,
have yet to be proven accurate for the detection of individual collagen fibers
[33, 85, 86]. Two aspects of these technologies limit their accuracy. First, the
thresholding technique used in these technologies may classify erroneously fiber
pixels of low contrast as background pixels, which commonly occurs even when
using objective with magnification of 60x. Second, the fact that the value of
fiber diameter used in these fiber-detection technologies is defined by the user
directly affects the result in terms of fiber count and orientation.
We therefore integrated the PCmR method with collagen-fiber tracking in this
work. We supplement PCmR with collagen-fiber tracking to produce a more
accurate description of EC-mediated ECM deformation that takes into account
the change in the microstructure of the ECM. This description not only reveals
the repositioning and reorienting of collagen fibers, but also provides highly
quantitative data on the motion of a well dispersed set of points (represented
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by the beads) in close proximity to the collagen fibers. Collagen-fiber tracking
yields two distinct movement patterns: repositioning and reorientation.
3.3.4.1 Repositioning of Collagen Fibers
The results generated by our algorithm for collagen fiber tracking is illustrated
in Figure 3.8. The searched fibers in red were superposed on the thresholded
original fibers in white. Four regions from A to D were highlighted. Fewer
exposed white pixels means more accurate collagen-fiber tracking. The sprout
region defined by the grey curve was removed since the presence of pixels in
this region were more likely due to noises rather than the presence of actual
fibers. Our algorithm was able to recognize fibers composed of discontinuous
segments.
We used a rectangular window of 40 × 64 pixels to traverse the image of
tracked collagen fibers. The concentration of collagen fibers (in the unit of
numbers/window, and at t = 52, 65, 78, 91, and 104 minute) is represented in
the contour plots as shown in Figure 3.9. The sprout rendered with grey color
was superposed on each plot. The densification of collagen fibers at the region
surrounding the portion of the sprout composed of the tip cell and the imme-
diate stalk cell was observed, and the degree of this densification was almost
unchanged in these five plots. It is consistent with the finding reported in [34]
about the interaction between the polymerizing collagen with a fresh isolated
microvessel fragment. The microvessel fragment fast collected collagen fibers
toward itself, which formed a densified layer of collagen fibers surrounding its
wall. The microvessel fragment fast collected collagen fibers towards itself,
which formed a densified layer of collagen fibers surrounding its wall. Collagen
fibers located at the remote region (more than 100 μm away from, and in the
direction perpendicular to, the boundary of the sprout) was sparse as a conse-
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Figure 3.8: Superposition of the searched collagen fibers in red on the thresholded
original ones in white. Four regions from A to D are highlighted.
quence of this densification, with the lowest concentration located at the anterior
region of the lamellipodia of the tip cell about 225 μm away from them in the
long-axis of the sprout.
The continual remodelling of collagen fibers by the sprout is manifested by the
apparent change in the concentration of collagen fibers located near the sprout
that are evident in these five plots. It can be observed that relatively high concen-
tration of collagen fibers emerged at the region near the lamellipodium branch
B2, and the size of this region gradually increased with time, as indicated by
the arrow head “>” in Figure 3.9(b). Together with the earlier finding from the




























































































































































































































































































































































served fiber densification suggests that lamellipodium gathered collagen fibers
by pulling them towards itself during the time period covered by these five plots
collectively. (It also aligned them, as described later in this section.) It can be
seen that relatively high concentration of collagen fibers also emerged at the
region near the lamellipodium branch B1, but the boundary of this region was
moving away from B1 with time after the instant associated with Figure 3.9(a).
Such movement was marked with the symbol “∗” in Figure 3.9(e). This obser-
vation suggests a spread of collagen fibers over the region further away from
the lamellipodium branch B1, which is actually the result of the fibers release
associated with lamellipodial retraction suggested by the PCmR analysis. This
push-like release action is distinguished from the push action in that it involves
no pushing force
3.3.4.2 Reorientation of Collagen Fibers
In addition to repositioning, the reorientation of collagen fibers provides useful
information about the deformation of the ECM as a continuum. We illustrate
the process for quantifying collagen-fiber reorientation using data obtained at
t = 52 min, since the PCmR results indicated significant pull and push actions
occurred prior to this time instant while the heading of the tip cell remained
largely unchanged from that observed at t = 0. We chose four typical rectan-
gular regions of interest (as indicated in Figure 3.8), each of which covered 100
× 100 pixels. Two regions (A and B) were located on the sides of the stalk cell
marked by the symbol “∗ ”, and the other two (C and D) were located in the
vicinity of the lamellipodia of the tip cell whose nucleus is marked in the figure
by the symbol “+”. Figure 3.10 shows the orientations of the collagen fibers
inside each region using a rose histogram with a interval of 30◦.
From the four rose histograms, it can be seen that collagen fibers in the regions
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Figure 3.10: The orientation of collagen fibers in the four regions (i.e., A to D) as
indicated Figure 3.8. The collagen fibers were found to be oriented in radiant directions
ranging from 125◦ to 160◦ or from 35◦ to 55◦ by the sprout.
(A-D) oriented dominantly at the angles falling into two ranges, i.e., [125◦, 160◦]
and [35◦, 55◦]. This suggests a radial-alignment of collagen fibers in these four
regions, which is consistent with the finding reported in [33, 35, 87] that cell-
mediated compaction of collagen fiber networks could result in fibers alignment.
Moreover, such a radial-alignment of collagen fibers in 3D gel is consistent with
findings concerning the pattern of fibers alignment mediated by EC migrating
on the substrate [88, 89]. It is possible that one or more types of interaction (as
identified in the earlier sections) play a role in creating such alignment of the
collagen fibers that serves as a intentional “contact guidance” for migration, as
suggested in [35–37].
Considering each of the four regions separately, the orientation of collagen fibers
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in C (or D) was coincident with the long-axis direction of the lamellipodium
approaching C (or D), suggesting an alignment of the collagen fibers driven by
the contraction of stress fibers due to actin-myosin interaction. It is interesting
to note that the orientation of the collagen fibers in A was coincident with that
in B. This suggests that the tension arising from sprout elongation (rather than
from myosin-based contraction of stress fibers) probably played a dominant role
in aligning collagen fibers in these regions; otherwise, distinct orientations of
collagen fibers in these two regions would have likely been be observed .
3.3.5 Discussion
In this work, we integrate the PCmR method with collagen fiber tracking tech-
niques to develop a more accurate description of the cell-mediated ECM de-
formation in 3D that takes into account the change in the microstructure of the
ECM. Using this integrated approach, we studied the cell-ECM interaction be-
havior of the tip cell and a typical stalk cell in a special scenario of angiogenic
sprouting, in which the heading of the sprout changed from the long-axis di-
rection of one lamellipodium branch (i.e., branch A) of the tip cell to that of
another branch (branch B). We found that the tip cell and the stalk cell exhibited
significantly different behavior when interacting with the ECM. Specifically,
the tip cell exhibited mainly four types of behavior, namely, protrusion-related
push, retraction-related push, pull and release, while the stalk cell had only two
types, namely, pull and migration-related push. These interaction behavior col-
lectively repositioned the collagen fibers and reoriented them to create a well-
organized ECM structure that supports the observed dynamics of angiogenic
sprouting.
Our observation about the centripetally distributed bead displacement vectors
pointing inward towards the tip cell from all directions, an indicator of the tip
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cell pulling on the ECM, extends the results about a two-dimensional pull be-
havior of cell cultured on a substrate reported by a number of studies (e.g.,
[14, 90, 91]). Our finding of the push in conjunction with the lamellipodial (and
filopodial) protrusion, on the other hand, contradicts the suggestion in another
study [92] that filopodia usually protrude along collagen fibers with only neg-
ligible pushing forces acting on the collagen fibers. These two different obser-
vations suggest completely different moving strategies of the lamellipodia (and
filopodia), i.e., a rampaging motion by our study versus a sliding one indicated
in [92]. The strongly positive correlation (λPearson ≈ 0.75, as is shown in Figure
3.6(b)) between the contraction-related pull and the protrusion-related push in-
dicate that a balance between protrusive forces and the contractile forces (that
lead to the extension and compaction of the cell body, respectively) for cell mi-
grating on a substrate [24, 93, 94] may also be required for cell migrating in the
3D matrix. The retraction-related push on the matrix was probably due to the
failure of a lamellipodium in forming a stable attachment with the ECM. Multi-
ple factors have been attributed to such unstable attachment, including receptor
signaling, myosin-based contraction and adhesiveness of the ECM [95].
We have observed two lamellipodium branches (A and B) of the tip cell, ini-
tially having approximately equal size, evolved with distinct dynamics. Branch
A initially protruded, then started retracting at t = 65 min until it disappeared,
while B continued extending during entire imaging period, with a couple of
filopodia-like cytoplasmic projections extending outward from it. Such direc-
tional protrusion had been suggested to be mediated by cellular sensing of ECM
rigidity via regulation of Rho kinase (ROCK)-mediated myosin II activity [96].
Comparison in the scale of protrusion and pulling (as indicated by the displace-
ment of the beads) between A and B revealed that A initially protruded to a
smaller degree than B before retracting, while the extent of their pulling action
was comparable.
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Based the “motor clutch” model developed in [15, 75], we may thus infer that,
relative to B, A was experiencing lower resistance in myosin-driven retrograde
flow by the loading forces in the matrix. This may be explained in terms of
the difference in rigidity of the ECM surrounding the branches. Cell-mediated
collagen fiber rearrangement or inconsistent levels of collagen polymerization
could lead to a heterogeneous ECM in terms of rigidity. We suspect that the re-
gion of ECM surrounding B was softer (compared to that surrounding A) such
that a larger loading force was generated due to more molecular clutches be-
ing engaged, reducing the velocity of retrograde flow more significantly, and so
resulting in a more profound protrusion at the end of the F-actin bundle. Fur-
thermore, due to fewer molecular clutches being engaged in the case of branch
A, a less stable link between F-actin and the ECM may be formed, accompanied
by a higher probability of rupture of the contacts with the fibers, that resulted in
the retraction of the lamellipodium. The observed change in the heading of the
sprout from the long-axis direction of branch A to that of B supports the sug-
gestion that stable lamellipodial protrusion forming mature contacts with the
substrate guides cell migration [74, 95].
The issue of how stalk cells support sprout elongation is still under investiga-
tion. A general assumption is that a sprout elongates as stalk cells proliferate
(triggered by VEGF-A) [79,97,98] or are pulled by the tip cell [78]; yet there is
also the suggestion that the “shuffling” (i.e., backward and forward) movement
of stalk-cell migration pushes the sprout forward [76,77]. Driven by spatial dis-
tribution of the growth factor, such migration is thought to lead to a conversion
of cell phenotype from stalk to tip occasionally [76], but whether the velocity
of stalk cells is a major parameter that influences this conversion is still unclear.
Consistent with the latter of the above two opinions, our finding on migration-
related push of the stalk cell in the direction of its migration gives hints on the
migration-driven push of the lumen where the stalk cell is located.
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In addition to the migration-related push, a pull action was found to be asso-
ciated with the stalk cell during the period of sprout elongation, which may be
coupling to the “shuffle” of the stalk cell or cytoskeleton organization that has
been reported to be crucial to cell survival [29, 99, 100]. The influence of the
stalk cell via the pull action did not reach as far as that of the tip cell, due to the
absence of long filopodia in the stalk cell.
These behavior of the tip cell and stalk cells when interacting with the ECM col-
lectively repositioned collagen fibers in their vicinity and reoriented the fibers to
form a well-organized ECM structure. Through its out-of-plane pulling action,
a tip-cell lamellipodium gathered collagen fibers from far away regions to re-
gions near itself, resulting a heterogeneous spatial distribution of collagen fibers
in the matrix. How a matrix with such a structure facilitated the functions of
ECs is unclear. We suspect that the densification of collagen fibers at the cur-
rent sprout region may help sustaining the sprout physically, and the resulting
sparseness of collagen fiber distribution at relatively remote regions may reduce
effort made by the sprout to invade those regions later. Such a modification of
the ECM structure seemed almost reversible, as it was observed that, when the
pulling scale was attenuated by the branch A, large amount of collagen fibers
clustering at the region of this branch returned to their original positions. In
conjunction with their repositioning, collagen fibers were reoriented in radial
directions ranging from 125◦ to 160◦, or from 35◦ to 55◦, to form a “contact
guidance” [35–37] for sprout elongation. We observed that collagen fibers at
anterior region of a lamellipodium were oriented in the long-axis direction of
the lamellipodium. This suggests an alignment driven by contraction of the
stress fibers due to actin-myosin interaction. In addition, alignment of colla-
gen fibers might also be driven by lumen elongation, as it can be inferred from
very similar orientation of the collagen fibers located on both sides of the lumen
segment where stalk cells were located.
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3.4 Summary
This chapter reports an approach to detecting cell-induced ECM deformation in
3D that integrates the bead-based method and a self-developed collagen fiber
tracking technique. A set of newly identified characteristics pertaining to EC-
ECM mechanical interactions are presented, including (i) the patterns of ECM
deformation mediated by the tip cells and those mediated by the stalk cells, (ii)
the areas affected by the tip cell and the stalk cells, respectively, and (iii) the
collagen fiber remodeling.
According to our knowledge, this is the first time that the tip cell has been com-
pared with the stalk cell in interaction with an ECM. Our findings show that
the tip cell and the stalk cell exhibit significantly different behaviors. The tip
cell exhibits mainly four types of behavior, namely, protrusion-related push,
retraction-related push, pull, and release, while the stalk cell has only two types,
namely, pull, and migration-related push. The dynamics of the lamellipodium
branches evolving differently were tracked down. The comparison results show
that they are significantly different in the protrusive scale, but have comparable
pull scales.
Our findings contribute to understanding the role of stalk cells in sprout elonga-
tion. Our findings on the migration-related push of the stalk cell in the direction
of its migration hint at the migration-driven push of the lumen where the stalk
cell is located. In addition to the migration-related push, a pull action is found
to be associated with the stalk cell during the period of sprout elongation, which
may be coupling to the shuffle of the stalk cell or cytoskeleton organization that
has been reported to be crucial to cell survival. The influence of the stalk cell
via the pull action does not reach as far as that of the tip cell, due to the absence
of long filopodia in the stalk cell.
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The tip cell and the stalk cells collectively reposition collagen fibers in their
vicinity and reorient the fibers to form a well-organized ECM structure. Through
its out-of-plane pulling action, a tip-cell lamellipodia gathers collagen fibers
from far away regions to regions near itself, resulting in heterogeneous spatial
distribution of collagen fibers in the matrix. Such a modification of the ECM
structure seems almost reversible, as it has been observed that, when the pulling
scale is attenuated by branch B1, large amount of collagen fibers clustering at
the region of this branch return to their original positions. In conjugation with
their repositioning, collagen fibers are reoriented in radial directions ranging
from 125◦ to 160◦, or from 35◦ to 55◦, to form a “contact guidance” for sprout
elongation. This suggests an alignment driven by contraction of the stress fibers
due to actin-myosin interaction. In addition, alignment of collagen fibers might
also be driven by lumen elongation, as can be inferred from very similar orien-
tation of the collagen fibers located on both sides of the lumen segment where






Tension produced by the sliding motion involving myosin and actin filaments
is transmitted to the ECM through focal adhesion-localized proteins, such as
talin, α-actinin, vinculin, and tensin. Such tension acts as a source of traction
force exerted on the ECM. There are many different types of traction force mi-
croscopy (TFM) designed for analyzing traction force of a cell seeded on a sub-
strate; however, the results may not generalize well to elucidate traction force of
those cultured in ECMs. This is evidenced by the fact that cells cultured in 3D
matrices develop focal adhesions that differ from those formed with 2D ones in
terms of molecular components and their functions.
This chapter presents a 3D TFM called Stress Consistency traction microscopy
(SCtm) that was developed for accurately reconstructing traction force of a cell
interacting with a 3D matrix. While SCtm follows the traditional method (re-
ported in [14, 23]) with the use of the convolution between the deformation and
the forces that is valid for an elastic medium, it improves accuracy by strategi-
cally treating the singularity problem with the Green’s function.
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The traditional method usually avoids this singularity problem by truncating the
data of deformation in the positions near to the forces. This probably leads to a
reduced accuracy due to the truncated deformation data being much more signif-
icant compared with the other locations. A Gaussian-point-based interpolation
(GPI) method was developed for resolving the singularity problem, but with all
the deformation data preserved. Using GPI method, those singular values of the
Green’s function are recovered based on their neighboring nodal values.
The effect of boundary conditions inherent to the chosen Green’s function on
accuracy of traction force reconstruction was evaluated for the very first time ac-
cording to our knowledge. Three different Green’s functions with the three dif-
ferent boundary conditions were applied to the same simulated ECM to compare
the accuracies resulting from them. With SCtm and GPI method, we analyzed
traction force of a sprout invading the ECM. Moreover, a comparison was made
among the results of processing the experimental data using the combinations
of the Green’s functions and the ways of treating the singular problem.
Three assumptions had been made on the mechanical properties of the ECM
before the processing of the experimental data. The first two assumptions we
made have been discussed in the Chapter 3, including i) the ECM is a contin-
uum (homogeneous and isotropic) and ii) cell-induced changes in mechanical
properties of the ECM are negligible. To use SCtm, we also had to assume
that the ECM has linear elastic properties. It is reasonable to make such an
assumption because an approximately linear deformation has been reported for
the collagen-rich ECMs subjected to small strains in [68].
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4.2 Methods
4.2.1 Stress Consistency Traction Microscopy (SCtm) and Gaussian-
Point-Based Interpolation (GPI) Method
SCtm uses the Green’s function for stress (i.e., G˜ in Equation 4.1) to convert be-
tween traction force and cell-generated stresses within the ECM. G˜ was derived
from upl = GplFl that transduces traction force Fl into deformation at point p of
the medium using the Green’s function for deformation, Gpl.
σ = G˜F (4.1)
To derive G˜, the replacement of upl with σ was required. σ directly relates to
strain 	, as shown in Equation 4.2.
σii = λ(	xx + 	yy + 	zz) + 2μ	ii,
σij = 2μ	ij, (4.2)
where i, j = x, y, z and i = j; λ is Lame´ constant and μ is shear modulus.




























































Fz, where gxx, gyx, and gzx are the components
of Green’s function related to the deformation in the x direction; Fx, Fy, and Fz
are components of the traction force.























































































































G˜51 = G˜62 = − z4πr3
G˜53 = − x4πr3
G˜63 = − y4πr3
G˜52 = G˜61 = 0
The R−1 singularity with G˜ (where R is the distance between the force ap-
plication point and the point where the deformation is to be observed) was
treated using GPI, multi-variate regression (MVR) method and the truncation
method.
In the GPI method, the value of G˜ at a force application point is estimated
based on the values at a Gauss point and a set of nodal points close to this force
application point. Tetrahedral elements need to be regarded as isoparametric
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elements. The stress at a Gauss point is the weighted sum of the stresses at all
nodes of the element with weights equivalent to the values of the shape function
at the Gauss point. This rule is also applicable to calculation of the values of the
G˜ at the Gauss point (the proof is shown in Appendix A.)
In the MVR method, a second order polynomial model is fitted to a set of points
in the element excluding the nodal point where the traction force is exerted. The
independent variables of the fitting function are their local coordinates, and the
dependent variables are the values of G˜ at those selected points.
The overall accuracy τ of the TFM was measured using 1−|F − Fr|/|F | for
varying ECM conditions, where F is the simulated traction force and Fr is the
recovered one. The error in the von Mises stress, rσ, was also concurrently
evaluated at each nodal point and scaled by the maximum von Mises stress
associated with the simulated traction force. The other two measures utilized
include the absolute magnitude error rl and the angle error rα.
4.2.2 Extension of 2D FTTC Method
The use of FTTC method was extended to 3D analysis by i) deriving Fourier
Transform of Green’s function that is valid for 3D analysis ii) constricting the
location of traction force to focal adhesions distributing over a 3D space.
While FTTC method is well-established for traction force calculation, the re-
ports demonstrating Fourier Transform of Green’s function are seldom found.
The expressions shown below gives the Fourier Transform of Green’s function
that is valid for an unbounded full-space medium experiencing interior point







































where c = 3 − 4ν and ν is the Poisson’s ratio, μ is the shear modulus, k =
[kx, ky, kz] is the wave number in three dimensions, i.e. kx = mNxx , m =
0, · · · , Nx − 1, with Nx being the number of points in the x-direction and x
the space interval in the x-direction.
Force generated from the FTTC method distributes over the entire ECM, thus
making it necessary to further compute force at focal adhesions. We propose a
simple method in which the force given by the FTTC method is treated as body










+ bx = 0. (4.5)
The form of the remaining two equations can be obtained by replacing in Equa-
tion 4.5 the second subscript of σ and the subscript of b by y, z, respectively.
The simplified form of the above equation is ∇σ + b = 0. It can be further
expressed as,
∇G˜ · F T + F Tb = 0, (4.6)
where Fb is the force generated from FTTC method and F is the traction at
focal adhesions. Each component in F or Fb is a 1 ×3 vector, including the
x, y, z component of a traction force or a body force. Equation 4.6 represents
an ill-posed problem, e.g., the solution is very sensitive slight perturbations of
Fb. The method of Tikhonov regularization provided in a MATLAB package of
regulation tools in [111] was used to resolve such ill-posed problem. It mini-
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mizes
‖∇G˜ · F T + F Tb ‖2+χ2‖F‖2 (4.7)
An optimum χ was given by the Generalized cross-validation (GCV) method
provided in the package. G˜ was decomposed via singular value decomposition
(SVD) to elevate the computation speed.
The implementation of FTTC method is summarized as follows. uˆ at nodes of
a regular grid is calculated and then multiplied by Gˆ to yield Fˆb. The inverse
Fourier transform leads to Fb with the unit of N/um3. Next, Equation 4.7 is
minimized to produce forcer at the force adhesions.
4.2.3 Customization of Green’s Function
We did simulation studies to understand to what extent the accuracy of 3D TFM
is reduced if the chosen Green’s function does not exactly match with the bound-
ary and force conditions of ECM. In the simulations, three different Green’s
functions were applied to the same cell-embedded ECM. In our microfluidic
system, collagen fibers at gel-channel interfaces would adhere to channels, re-
sulting in fixed surfaces of gel. ECs waiting for being activated to invade the gel
are on a plane very close to the bottom surface of the gel. Invading ECs usually
maintain a short distance from this bottom surface, due to a relatively high rigid-
ity in the region near interfaces. By contrast, the distances of the ECs from other
five interfaces of the gel are large sufficiently such that it is reasonable to make
an assumption that the gel is unbounded in other directions. For such a system,
the boundary condition for force analysis is that a full-space medium bounded
by a fixed surface (i.e., the bottom surface of the gel). The Greens function ap-
plicable to this situation was thus developed with the use of Galverkin vectors
provided in [112]. The details will be given later. We applied two other afore-
mentioned Green’s functions associated with general boundary conditions for
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comparison: the Kelvin solution and Landau & Lifshitz solution. To customize
the Green’s function for our simulation setting, the Galerkin vectors for the nu-
clei of strain need to be selected properly to cancel the deformation at the fixed
surface. Let the fixed surface be located at z = 0 and traction forces (considered
as point forces) act in the domain z > 0.








4pz(1− 2μ)log(R2 +mz + pz)], (4.8)
where k is the unit vector in the z direction, Fz is the z component of the point
force, R1 is the distance between the observation point M(mx, my, mz) where
displacement is to be solved and the point force P (px, py, pz),and R2 is the dis-
tance between M(mx, my, mz) and P
′
(px, py,−pz).
For a point force pointing in x direction, the Galerkin vector is chosen as
Gv =
Fx








To obtain the Galerkin vector for a point force pointing in y direction, Fx, i and
x in Equation (4.9) are replaced by Fy, j and y, respectively.
4.2.4 Experimental Protocol
The detailed procedures of carrying out experiments have been described in the
section 3.2. They are summarized as follows. Rat Tail Collagen Type I (BD
Bioscience) was utilized to prepare collagen solution at 2.5 mg/ml and PH 7.4.
Streptavidin-coated beads (about 1.5 μm in diameter) were injected into the
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collagen solution. The solution was then pipetted up and down to mix the beads
with the solution thoroughly, and gently pipetted into the gel-filling channel of
the device. The device was put into an incubator for two hours at 37◦C to allow
gelation.
The macro-scale stiffness of the ECMs was measured with a microTester (In-
stron 8848) capable of performing tension, compression and fatigue tests on
miniature specimens from engineered tissues to implantable devices, shown in
5.6. Tension tests were carried out on ECM samples at a rate of 10 mm/min.
Young’s modulus of the ECM was estimated to 2158Pa.
An increasing tensile force was exerted on the ECM sample to maintain its ex-
tension at a rate of 10 mm/min, via an upward movement of the microTesters
load cell. The use of a rate of 10 mm/min leaded to a predominantly elastic
response of the ECM sample, as seen in Figure 5.7. Non-linear behavior would
become more apparent while increasing the rate, probably due to the effect of
strain stiffening suggested in [68]. Reducing this rate would result in the ECM
sample being exposed to air for a longer time, which may also influence the
properties of the sample.
Human microvascular endothelial cells (HMVECs, Lonza) were cultured in
EGM-2 media (Lonza,) and seeded in the cell-seeding channel of the microflu-
idic device at passage 7 at 2.5× 106 cells/mL. HMVECs were allowed to grow
after seeding until a confluent monolayer was formed. They were then starved
for two hours prior to conditioning with Vascular endothelial growth factor
(VEGF) at 20 ng/mL in the cell seeding channel and 40 ng/mL in the gradi-
ent media channel. The media was changed once a day. The sprouting process
of HMVECs started one day after conditioning with VEGF. Sprouts were im-
aged using a confocal system mounted on an inverted optical microscope with a
60× oil immersion objective (NA = 1.42). The transmitted light (laser 405) and
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reflected light (Alexa Fluor 546) were utilized. The time interval between two
adjacent image stacks was 13 minutes. The step between two adjacent slices
was set as 1 μm.
A representative sprout (comprising an endothelial tip cell and stalk cells) was
selected and analyzed using 3D TFM as a whole. 3D deformation of the ECM
sampled at bead locations between two adjacent time points was quantified us-
ing the MATLAB code from The Franck Lab [73]. The traction forces exerted
by the sprout within the two adjacent time points were computed based on as-
sumptions regarding to the mechanical properties of the ECM.
4.3 Results
4.3.1 Comparisons among the FTTC, VDtm, SCtm Method
in Overall Accuracy τ
Both linear and quadratic tetrahedron were used to mesh a simulated ECM of
200 μm × 200 μm × 200 μm. A simulated cell was represented by a cylinder
of 50 μm × 30 μm × 30 μm. A set of simulated traction forces on the order of
10−8N were designed to be exerted from the nodes at the cell surface.
Table 4.1 shows the overall accuracy τ of FTTC, VDtm, and SCtm. It can be
seen that in the ideal situation where the deformation is free from any noise
(SNR=inf), SCtm(GPI) and SCtm(TRU) lead to a much higher τ compared to
FTTC, VDtm and SCtm(MVR). The τ of about 0.5 achieved by SCtm(GPI)
and SCtm(TRU) indicates that the magnitude of the deviation vector linking
ends of the simulated and the recovered force is approximately half of that of
the simulated force. As the SNR was decreased to be 20dB, the τ achieved
by SCtm(GPI) declined by 20% from 0.46 to 0.37, while that achieved by
SCtm(TRU) dropped drastically by 87% from 0.47 to 0.06. As SNR was fur-
58
Table 4.1: Overall accuracy τ of FTTC, VDtm, and SCtm
SNR (dB) FTTC VDtm SCtm
ˆGPI ˆTRU ˆMVR
Inf 0.14± 0.10 0.16± 0.52 0.46± 0.22 0.47± 0.31 0.12± 0.10
20 0.14± 0.12 0.15± 0.56 0.37± 0.30 0.06± 0.53 0.12± 0.10
15 0.13± 0.10 0.13± 0.60 0.16± 0.75 −0.64± 2.43 0.11± 0.11
Each pair of data includes mean and variance
ˆThree methods of solving singularity in Green’s function
ther decreased from 20dB to 15dB, the τ achieved by SCtm(GPI) was decreased
accordingly to be 0.16, while that achieved by SCtm(TRU) was dropped to be-
low 0, corresponding to a deviation vector with a magnitude being larger than
that of the simulated force. On the contrary, the τ attained by FTTC, VDtm or
SCtm(MVR) could be maintained at about 0.12, even the SNR was decreased
to 15dB. These results indicate that SCtm(GPI) and SCtm(TRU) achieved com-
parably good τ for the clean deformation data. However, SCtm(GPI) performs
much better than SCtm(TRU) for noisy deformation. Whilst FTTC, VDtm and
SCtm(MVR) were found to be basically insensitive to noise, the τ that could
be attained by each was low, even lower than that attained by SCtm(GPI) at
SNR=15.
4.3.2 Comparisons among Different Ways of Treating the Sin-
gularity Problem
Figure 4.1 shows that the traction forces reconstructed using the MVR (top),
TRU (middle), and GPI (bottom) methods. The TRU and the MVR methods
could not recover the traction forces properly if linear tetrahedra were used,
which was manifested by very large differences in magnitude and angle be-
tween the recovered (blue) and simulated (red) traction forces. In contrast, the
GPI method had much better performance for this circumstance. As the element
order was increased to be quadratic, the performance of the TRU method could
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be improved remarkably to be almost equivalent to that of the GPI method, while
not much difference was observed in the performance of the MVR method.
The error in absolute magnitude (rl) and angle (rα) associated with each recov-
ered traction force were further evaluated in six different scenarios, as shown
in Figures 4.2(a) and 4.2(b). Insets in these two figures show the mean and
standard deviation of the normal distribution curves fitted to the data points.
From Figure 4.2(a), it can be observed that the smallest discrepancy of the mag-
nitude between the simulated and recovered traction forces was generated in
the two scenarios, TRU&quadratic and GPI&quadratic (with unremarkable dif-
ferences in the standard deviation). This discrepancy was about 0.3 times the
average magnitude of the simulated traction forces. The MVR method led to
the highest rl, which was not affected by the order of the element. From Figure
4.2(a) and Figure 4.2(b), consistence was observed in the comparison results
about rl and rα among the six scenarios, suggesting that a scenario that cre-
ates a low rl would probably generate a low rα as well. The smallest angle
error was about 20◦, which was achieved in the scenarios of TRU&quadratic
and GPI&quadratic.
In addition, the error in von Mises stress (rσ) in the ECM was also evaluated.
The result was scaled by the maximum von Mises stress associated with the
simulated traction force, as shown in Figure 4.3. For clarity, the figure only
shows the portion of curves that corresponds to rσ ranging from 0 to 0.4. It
can be observed that using the MVR method produced a relatively low growth
rate, indicating the presence of large rσ. Furthermore, this low growth rate did
not vary with the order of the element. For both the TRU and GPI methods,
the use of quadratic tetrahedra could yield a growth rate much higher than that
associated with the MVR method. It can be further inferred that the relative rσ





Figure 4.1: Simulated recovery of 3D traction forces at focal adhesions using the
SCtm(GPI), SCtm(TRU), and SCtm(MVR) methods for varying element order. The
images in the left column were generated from the ECM of linear tetrahedra, while
those in the right column were generated from the ECM of quadratic tetrahedra. For
each column, the top image was attained using SCtm(MVR), while the middle and bot-
tom images were attained using SCtm(TRU) and SCtm(GPI). The red and blue vectors
in each image show the simulated traction forces and the recovered ones, respectively.
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(a) (b)
Figure 4.2: Density against (a) absolute magnitude error rl (b) angle error rα of all
recovered traction forces from the simulation. Six scenarios were explored. Normal
distribution curve was fitted to points of density against rl or rα in each scenario. Insets
in (a) and (b) show the mean and standard deviation of six curves.
The results of a complete simulation study on the overall accuracy τ of the TRU,
GPI and MVR methods for varying element orders and mesh sizes are shown
in Table 4.2. It can be seen that the τ of the TRU and the GPI method are in-
fluenced significantly by the element order and mesh size. The TRU method
yielded a τ that was even smaller than zero for the case of coarse linear tetra-
hedra, indicating that the corresponding error in the reconstructed traction force
had a scale greater than that of the simulated one. As the element order was in-
creased to be quadratic, the τ associated with the TRU method was remarkably
increased, but it was still about 21% smaller than the τ of the GPI method. The
τ of both TRU and GPI methods could be improved further and reached a com-
parable level if fine quadratic tetrahedra were applied. It was surprisingly found
that the τ of both methods decreased when changing from quadratic tetrahedra
to cubic.
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Figure 4.3: Cumulative probability against the error in von Mises stress rσ at all nodes
of ECM mesh. Six scenarios were explored. MVR, TRU, and GPI are three different
methods of treating singularity problem in using Greens function (for displacement) at
force application point.
4.3.3 Effects of Boundary and Force Conditions with Green’s
Function
Three different Green’s functions (bc1, bc2 and bc3) with three boundary con-
ditions were applied. While bc1 was derived for a full-space medium bounded
by a fixed surface, bc2 and bc3 were developed for an unbounded full-space
medium and a half-space medium bounded by a free surface, respectively. Only
bc1 is consistent with the boundary condition of the simulated ECM.
Table 4.2: Comparative studies on τ of GPI, TRU, and MVR for varying element orders
and mesh sizes
Order linear Quadratic Cubic
Mesh coarse fine coarse fine coarse fine
TRU −0.31±1.27 0.01±0.62 0.31±0.33 0.47±0.31 0.28±0.37 0.36±0.38
GPI 0.23± 0.04 0.24±0.15 0.39±0.13 0.46±0.22 0.28±0.07 0.30±0.09




























































































































































































































































































































































































Figure 4.5: von Mises stress on two cross-sectional areas of the ECM resulted from a)
the recovered traction forces from using the SCtm (GPI) method and Green’s function
bc1 b) the original traction forces for fine ECM mesh of quadratic tetrahedron.
Figure 4.4 shows the performance of the 3D TFM using three different Green’s
functions (bc1, bc2 and bc3) in regard to overall accuracy (τ ), magnitude error
(rl), angle error (rα), and von Mises stress error (rσ). It can be seen that using
bc1 (with the same boundary conditions as the simulated ECM) yielded the
highest τ , followed by bc2. Similar effects of the element order and mesh size on
τ were observed for bc1 and bc2. Specifically, τ was increased significantly with
decreasing mesh size, while it was almost unaffected by the variation in element
order when a coarse mesh was utilized. In the case of quadratic tetrahedra, the
rα associated with bc2 was much greater than that associated with bc1, although
a comparable rl was produced. Using b1 also generated the lowest rσ, as shown
in figure 4.4 (d). The mean rσ associated with bc2 was unexpectedly found to
be slightly higher than that associated with bc3. Figure 4.5 shows the von Mises
stresses on cross-sections of the ECM, which were calculated from both the
simulated traction forces and the ones recovered using the 3D TFM with bc1.
Almost the same pattern was observed from these two figures, i.e. the highest
value emerged at the region surrounding the cell and decreased gradually with
increasing distance from the cell.
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4.3.4 Analysis of Experimental Data
Traction forces exerted by the tip of a sprout (as shown in Figures 4.6(b) and
4.6( c) ) were reconstructed using SCtm method in the absence and presence of
singularity treatment for two types of Green’s function, b1 and b2. Considering
sprout-induced ECM deformation (indicated by the movement of beads in Fig-
ure 4.6(a)) across the entire ECM, we found that the ECM region in the vicinity
of the sprout tip had more significant values and a clearer pattern than others.
Only deformation in this region was thus preserved, and the rest was removed
after thresholding, as shown graphically in Figure 4.6(d) . From Figure 4.6(d),
The figure shows that beads were moving outwards from the tip of the sprout,
indicating a pushing action from this part of the sprout.
Figure 4.6: Confocal reflection and bright-field microscopy. (a) Beads bioconjugated to
collagen fibers. (b) 3D surpass view of the sprout. (c) The sprout on the two selected
planes. (d) The sprout-induced ECM deformation indicated by bead movement.
Such pushing action is manifested by the reconstructed traction forces in Figures
4.7(a)-(c) associated with three different scenarios. It was further observed that
there is variation in the arrangement of force vectors in these three figures. By
comparing Figures 4.7(a) and 4.7(b), we may conclude that the TRU method
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yielded lower accuracy compared to the GPI method due to some of the vec-
tors with considerable size pointing in the direction opposite to the deformation.
From Figures 4.7(b) and 4.7(c), we found that the result of traction force re-
construction did rely on the applied Green’s function. Moreover, bd1 produced
a better result than bd2, which is unsurprising since bd1 has the same bound-
ary and force conditions of ECM as this experiment. All these results visually
support the findings from our simulation studies.
A number of traction forces ranging from 3nN to 30nN with interval of 0.5 nN
were accounted for, as shown in Figure 4.7(d). The traction forces associated
with GPI&bd1 were smaller than 13nN, while the traction forces associated
with the other two scenarios could be as large as 20nN. The regulation (required
for tackling the ill-posed problem in traction force reconstruction) was found
to be more effective in the scenario of GPI&bd1, which may have caused less
traction forces to be generated. The two angles φ and θ collectively define the
direction of the traction force in a three-dimensional space, and are plotted in
Figure 4.7(e). The magnitude of the traction force is coded by color in this
figure. In the scenarios of both GPI&bd1 and GPI&bd2, most of traction forces
with considerable magnitude were localized in the region indicated by a black
ellipse, which was not observed in the scenario of TRU&bd2. The pushing
action was dominantly reflected by the orderly arranged vectors.
4.4 Discussion
The study of cellular traction forces is pivotal to the interpretation of cell behav-
ior, especially with 3D analysis. We contribute to the enhancement of 3D TFM
accuracy by treating the R−1 singularity of Green’s function with the proposed
GPI method. A greater deformation is usually generated at the force application












































































































commonly truncated when using TFM due to the singularity of Green’s func-
tion. By using the GPI method, the values of Green’s function at singular points
are evaluated based on the surroundings, thus enabling the use of deformation
data at force application points in the calculation of traction forces. Green’s
function varies with the boundary and force conditions of the medium. The ne-
cessity of customizing Green’s function for traction force analysis was explored
by comparing the performance of 3D TFM between the customized Green’s
functions and the commonly used ones.
The comparative studies of five methods (FTTC, VDtm, SCtm(GPI), SCtm(TRU)
and SCtm(MVR)) revealed that using SCtm(GPI) led to the highest accuracy
combined with the best tolerance to the noises added upon the deformation data.
When clean deformation data are given, SCtm(TRU) may reach almost the same
level of accuracy as SCtm(GPI), but it is more easily affected by the noises. The
remaining three methods, namely, FTTC, VDtm, and SCtm(MVR), basically
produced much less accurate results than SCtm(GPI).
The performance of the GPI method was examined through a simulation study
under different meshing conditions that had significant implications for finite
element analysis. The results showed that the GPI method did yield better ac-
curacy compared to the TRU and MVR methods, especially under worse condi-
tions such as low element order or high levels of noise added to the deformation
data. The shape function used to estimate values of Green’s funtion at singular
points is increasingly complex as the element order grows, but it may not neces-
sarily result in better accuracy for all three of these methods. Using a fine mesh
is an effective way to improve the performance of 3D TFM, but with the sacri-
fice of computational efficiency. The noise in the deformation data deteriorated
the performance of these three methods to different degrees, with the smallest
influences imposed on the GPI method. The sensitivity analysis reveals that the
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Green’s function that has the same boundary conditions as the ECM would en-
hance the performance of TFM, as measured by magnitude, angle error and error
in stress recovery. The customization of Green’s function to make its boundary
conditions consistent with those of the ECM is thus indispensable to achieve a
high-accuracy analysis of traction forces.
With assumptions regarding the mechanical properties of the ECM, we applied
3D TFM to calculate traction forces in a real situation when the sprout (a multi-
cellular structure containing an endothelial tip cell and stalk cells that behave
in a coordinated manner) invades the ECM during the early stage of angiogene-
sis. We considered the sprout as a whole instead of isolating single cells, which
marks a point of departure from most other studies. Moreover, our results in-
dicated traction forces that were exerted within the time interval between two
consecutive images rather than within the period from cell seeding to the treat-
ment of trypsin, which was addressed by most previous studies. The compar-
ison among the results obtained using different approaches visually supported
the findings from simulation studies about the efficacy of the GPI method in
improving the performance of TFM, as well as the necessity of customizing
Green’s function according to the boundary and force conditions of the actual
ECM. Some of our thoughts from the analysis of experimental data are illus-
trated as follows. Firstly, the application point of the traction force was assumed
to be consistent with nodal point at the sprout surface, causing the force scale
to vary with mesh sizes. Restricting the application point traction force to be
located at the identified areas of focal adhesions would be helpful for generat-
ing more accurate results. Secondly, we found that the combined effects of the
deformation at different ECM regions may lead to an unpredictable pattern of
traction forces (or a meaningless result), even for the deformation with distin-
guishable patterns. One possible solution is to take only the deformation at the
surrounding areas into account. Last but not least, traction force reconstruction
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was found to be extremely sensitive to cell morphology and location relative
to the ECM, which raises a great need to advance the techniques of 3D cell
reconstruction.
4.5 Summary
This chapter introduces a high-accuracy 3D TFM that is useful in reconstructing
3D traction force. It strategically solves the singularity problem with the Green’s
function by the GPI method. It improves the traditional method that truncates
the deformation data acquired in the positions in the vicinity of the force points.
The results show that the GPI method makes the TFM method less sensitive
to noises in the deformation data compared to the TRU and MVI method. As
the noise level was increased to 20 dB, the τ achieved by TRU method dropped
drastically by 87% from 0.47 to 0.06, while that of the GPI method decreased by
only 20%. Further increasing the noise level, the τ of the TRU method became
smaller than zero, indicating that the error turned out to be as large as the sim-
ulated force. By contrast, the GPI method could maintain the accuracy of 20%.
Comparative studies show that the use of the GPI method could produce an τ
more than 1.5 higher than the FTTC and VDtm method, even under relatively
high noises. In addition, our findings suggest that force reconstruction is highly
dependent on the element order and the mesh size. Increasing the complexity
of the shape function by raising the element order may not necessarily induce
better accuracy. Using a fine mesh is always an effective way of improving
accuracy, but with the sacrifice of computational efficiency.
According to our knowledge, this is the first time that the effects of boundary
and force conditions with the Green’s function on force reconstruction have been
investigated. The study implemented the three solutions of the Green’s function,
namely (i) the Kelvin solution for an unbounded medium, (ii) the Landau and
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Lifshitz solution for a half-space medium bounded by a free surface and sub-
jected to point forces acting on the free surface and (iii) a self-derived Green’s
function matching the experimental setting. The results suggest that using (iii)
led to an τ that is more than 1.6 and 4 times higher than that from (i) and (ii),
respectively. The analysis of the magnitude and angle error indicates that (i) and
(iii) almost produced comparable magnetic errors, but with the different angle
errors.
Following the assumptions made on the mechanical properties of the ECM, we
applied the SCtm method to calculate traction forces in a real situation when the
sprout invades the ECM during the early stage of angiogenesis. We considered
the sprout as a whole instead of isolating single cells, which marks a point of
departure from most other studies. Moreover, our results indicate traction forces
that were exerted within the time interval between two consecutive images rather
than within the period from cell seeding to the treatment of trypsin, which was
addressed by most previous studies. The comparison among the results obtained
using different approaches visually supports the findings from simulation stud-
ies about the efficacy of the GPI method in improving the performance of TFM,
as well as the necessity of customizing the Green’s function according to the
boundary and force conditions of the actual ECM.
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Chapter 5
Manipulation of ECM Stiffness
with a Magnetic Field
5.1 Introduction
It is generally accepted that the mechanical properties of the ECM influence
cellular interactions at various levels. One such mechanical property is ECM
stiffness, which has been observed to regulate the degree of cell-matrix adhe-
sion, the size of focal adhesion, as well as the stiffness and tension developed by
the cell itself. Cell motility and polarity are also associated with ECM stiffness,
manifested in the tendency of cells to migrate from a softer to stiffer environ-
ment.
Various methods of manipulating ECM stiffness have been developed to observe
cell behaviors, including varying collagen concentration or PH value of ECM
solution or temperature for ECM polymerisation. It is not practical to use these
methods to flexibly manipulating ECM stiffness once cells are cultured in the
ECM. Moreover, the implementation of most existing methods is costly. This
chapter introduces a mechanical way of manipulating ECM stiffness that has
potential in overcoming such limitations.
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5.2 Materials and Method
The approach works by embedding magnetic beads in the ECM through bio-
conjugation between the streptavidin-coated beads and the collagen fibers, then
applying an external magnetic field on the ECM to exert a magnetic force on
the beads. This magnetic force, when applied statically, creates a pre-tension
in the collagen fibers. When a traction force opposing the magnetic force is
exerted on the fibers by a cell, the fibers exhibit a greater resistance to deforma-
tion, as illustrated in Figure 5.1. Due to this increased resistance to deformation
in the fibers, cells will experience a greater stiffness in regions of ECM where
magnetic beads are present. We refer to this stiffness sensed by the cells as
the apparent local stiffness of the ECM at those sites, since this externally and
mechanically induced change in the local deformability of the collagen fibers is
only apparent to a cell at the pericellular level near the site of an embedded bead
and is localized at that site, while the global intrinsic material properties of the
ECM remain unchanged. The advantage of this approach is that the stiffness of
the ECM can be manipulated directly in real-time without significantly chang-






















Figure 5.1: Schematic illustration of beads-containing ECM and interaction between
collagen fibers and cells via focus adhesion under the influence of an external magnetic
field.
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5.3 Modelling of the Modified ECM Stiffness
5.3.1 Macroscale Model
In the approach, an ECM sample is modified by embedding magnetic beads
(with a diameter of approximately 1.5 μm) that are capable of binding onto
collagen fibrils. The beads are thoroughly mixed with the collagen solution to
ensure a uniform distribution. At a typical bead concentration of 0.1 to 0.5
mg/ml, the number of beads is in the order of 108. Such a large number of
beads poses a problem in constructing a model for describing the viscoelastic
behaviour of the modified ECM using existing FEM techniques, since in these
techniques the beads need to be accounted for individually. A new model is thus
developed to analyze the structural mechanics of the modified ECM in which
the ECM is treated as viscoelastic and subjected to numerous distributed point
loads generated by the magnetic beads when under the influence of a magnetic
field.
5.3.1.1 Deformation of ECM Subjected to Point Loads
The ECM is prepared from Rat Tail Collagen Type I which has viscoelastic
properties. The viscoelasticity of the ECM is modelled by using the Standard
Linear Solid Model (SLSM), which consists of two springs and a damper as is
illustrated in Figure 5.2. Compared to the Maxwell and the Kelvin-Voigt model,
the SLSM would be more accurately due to that it is able to describe an in-
stantaneous elastic deformation given an instantaneous stress, which resembles
the actual behavior of viscoelastic materials. The existence of E2 in the SLSM
contributes to the improved accuracy in the model for describing such an instan-
taneous deformation.
The method employed in the derivation of viscoelastic deformation of an ECM
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Figure 5.2: The Standard Linear Solid Model (SLSM) consists of two springs (repre-
sented by the spring constants E1 and E2, and a dash-pot with a damping coefficient
η.
sample (due to an external force) follows the principle of minimum poten-
tial energy. This method seeks to determine a deformation state of the ECM
corresponding to a minimum potential energy over all possible deformation
states [113] (The notations of some parameters in [113] are used herein). The
potential energy πp is defined as
πp = πs −Wp ,







−→ε T−→σ dV ,




















with −→Q being the displacement vector, −→f , −→Φ and −→Pi the body force vector, the
surface force vector, and the point force vector, respectively, V the volume of the
ECM, and S the surface of the ECM that experiences the surface force.
The stress −→σ is derived based on the viscoelastic constitutive model developed
in [114]. The total stress −→σ is given
−→σ = −→σ1 +−→σ2 ,
with −→σ1 and −→σ2 being the elastic stress generated in the springs E1 and spring
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E2, respectively. From −→ε = B−→Q (with B being the derivative of the shape
function with respect to the physical coordinates), we can express −→σ1 as D1B−→Q ,
where D1 represents the relationship between the stress and the strain in three
dimensions for the spring E1. The stress −→σ2 for the spring E2 can be estimated
recursively as




where τ = E2/η is the time constant, and α is the relative stiffness E2/E1.
Hence, the total stress −→σ is




(−→σ1n+1 −−→σ1n) . (5.1)
The numerical approach based on the finite element method is applied for ana-
lyzing the structural mechanics of the modified ECM. The ECM is meshed into
total m four-node linear tetrahedron elements. The generated nodal displace-
ments could be converted to the displacement at any point in the ECM. The



































The deformation state corresponding to a minimum potential energy is obtained




= 0, leading to the formula to generate the nodal
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− (B′)T−→σ2ne−nΔtτ +−→F nodes
]
, (5.3)





D is same to D1 that is mentioned before, describing the relationship between
the stress and the strain in three dimensions relevant to E1 and the Poisson’s
ratio. B′ is the assembly of BTe Ve, with Be and Ve being the matrix of the
derivative of the shape function and the volume of the element, respectively,
































Since the Streptavidin-coated beads are bound onto the collagen fibrils and ex-
perience magnetic forces, their impacts on the ECM can be considered as point
forces
−→
Pi where the beads and magnetic forces
−→
P are arranged to mimic the
conditions in the stretch-test experiment. In the experiment, the ECM is sub-
jected to two groups of point forces pointing outwards (and perpendicular to its
length) in opposite directions. Figure 5.3(a) shows the von Mises stress calcu-
lated using COMSOL, while Figure 5.3(b) shows results obtained from using
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our model. Figure 5.3(c) shows the deformation of the ECM sample in the z di-
rection. From these figures, it can be observed that the larger stress is generated
around the beads. The integrated influence of each bead under the configuration
causing the contracts of the ECM in the negative z-direction.
(a) (b)
(c)
Figure 5.3: von Mises stress obtained using (a) COMSOL, (b) the customized program,
and (c) the z-directional deformation of the top surface (S1) of the ECM.
5.3.1.2 Calculation of a Magnetic Force Induced on a Bead
We adopt the method reported in [115] to calculate the magnetic force induced
on a bead. To use the Biot-Savart law, the magnetic poles of the permanent mag-
net are considered as a current loop with carefully choosing flowing direction.















where −→Γ is the magnetic moment of the bead; −→B is the magnetic field; V and Ψ
are the volume and susceptibility of the bead; μ0 is the magnetic constant.
Figure 5.4 plots the magnetic force experienced by a bead over a range of dis-
tance between the bead and the magnet. Each bead has a radius of about 1 μm
with a saturation of about 70 emu/g. The cubic permanent magnet with a di-
mension of 12 mm×12 mm×4 mm and a remnant magnetic field equal to 1.5T
is used. It can be seen that the magnetic force induced on the bead decreases
with an increase in the distance from magnet, and the magnitude of this force
increases with the bead radius. A force of about 0.45 nN can be reached for a
bead with a radius of 1.5 μm located within 1 mm from the magnet.
Figure 5.4: Magnetic force against distance for the bead of varying sizes
5.3.1.3 Macroscale ECM Stiffness Modified by a Magnetic Field
Let Epure, Ebead, and Emod denote the Young’s modulus of the pure ECM, the
modified ECM in the absence of the magnetic field, and the modified ECM in
the presence of the magnetic field, respectively. We now apply the analytical
model to determine Emod based on Epure, Ebead, and the magnetic force acting on
the beads due to the magnetic field. This magnetic force is generated by a pair
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of magnets, and its magnitude is computed based on the approach presented
in [115].In the analytical model, the effect of the external magnetic field on
the ECM is accounted for in terms of the point forces generated by the “virtual”
beads in the ECM. In this context, the stiffness of a modified ECM sample under
the influence of an external magnetic field can be expressed as the sum of the
following two terms:
(i) the apparent stiffness of the pure ECM subjected to the pre-tension in-
duced by the point forces representing the magnetic forces acting on the
beads (denoted by Epoint), and
(ii) the increase in the Young’s modulus of the ECM solely (i.e., without the
magnetic field) due to the presence of the magnetic beads (denoted by
ΔEbead); that is, ΔEbead = Ebead − Epure.
We thus write,
Emod = Epoint +ΔEbead (5.5)
The term Epoint due to the pre-tension in the pure ECM can be determined as
follows. We first calculate the pre-tension using Equation 5.3, based on the
magnetic forces exerted in the ECM through the beads, and the stiffness of the
pure ECM. Specifically, Kc and Kinst in Equation 5.3 are obtained, using Equa-
tion 5.4, from the stiffness of the pure ECM, which is determined by experiment
as described later, while −→F nodes takes on the values of the magnetic forces. In
this case, the beads are considered “virtual” such that the modified ECM is con-
sidered constitutively the same as the pure ECM — other than the existence of
the “virtual” point loads when the magnetic field is present. The portion of force
required to overcome this pre-tension is then calculated and added to the force
that was needed to deform the pure ECM for a given deformation, leading to
the total force required to produce that deformation in the modified ECM in the
presence of a magnetic field.
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Figure 5.5 shows the total forces required to deform the ECM at a constant rate
of 10 mm/min in the presence of the magnetic field for different concentrations
of beads. For the pure ECM, this force increases linearly under a constant rate of
elongation. By contrast, for the beads-containing ECM (i.e., 0.5 mg/ml beads),
force asymptotically approached to a stable value under a constant increasing
rate of strain. It can be also seen that a greater force is required to deform
the ECM with beads exposed to the magnetic field as compared to the case of
pure ECM. Moreover, the increase in bead concentration is associated with the
growth of the force. The reason is that the increase in bead concentration causes
a larger pre-tension that resists ECM deformation.
Figure 5.5: Force-deformation relationships for three types of ECM, i.e., pure ECM,
ECM with beads at a concentration of 0.1 mg/ml and 0.5 mg/ml. The ECM with beads
are exposed to an external magnetic field created by a pair of permanent magnets.
Now the term Epoint in Equation (5.5) can be calculated by linearizing the force-
deformation curves after the transition point as shown in Figure 5.5. The region
before this transition point is the creep region commonly found in viscoelastic
deformation. The slope of the curve after the transition point is used to deter-
mine Epoint [116] [117]. To obtain Emod, ΔEbead is then calculated based on
Ebead and Epure, which are obtained from the experiments. Comparison between
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these results from numerical simulation using the analytical model and results
obtained experimentally is presented later.
5.3.1.4 Verification and Validation of the Macroscale Model
Experimental Protocol The stiffness was tested for (i) pure ECM in the pres-
ence of any beads and (ii) ECM embedded with streptavidin-coated beads bio-
conjuggated with the collagen fibers. We utilized an Instron 8848 micro-force
tester to stretch ECM samples and measured ECM deformation under such
stretching forces, as shown in Figure 5.6. Stretch tests were carried out at the
fixed rate of 10 mm/min. To adjust ECM stiffness, we applied a static magnetic
field of 0.2 T to ECM sample. ECM sample is placed between the magnets
with a gap of 1.5 cm from each magnet. This leads to the creation of restoring
forces on the beads when they are dislocated from their original positions by the
stretching action. In other words, this magnetic field creates a region of higher
stiffness in the ECM such that a larger force is required to produce a given defor-
mation (i.e., elongation, in this case) compared to the amount of force required
to produce the same deformation in the absence of the magnetic field.
Figure 5.6: Experiment Setup.
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Collagen (4.62 mg/ml) 1.593 ml 0.1593 ml 1.593 ml
Water 1.089 ml 1.024 ml 0.764 ml
PBS (10x) 0.325 ml 0.325 ml 0.325 ml
NAOH (0.5 N) 0.244 ml 0.244 ml 0.244 ml
Beads (5 mg/ml) 0 ml 0.065 ml 0.325 ml
Total 3.250 ml 3.250 ml 3.250 ml
The collagen was prepared according to the recipes listed in Table 5.1. All of the
samples contain 2.0 mg/ml of Rat Tail Collagen Type 1, which were obtained
from BD Biosciences. The Streptavidin-coated magnetic beads BM551 were
procured from Bangs Laboratory. Two groups of samples were prepared: one
with magnetic beads and one without. For samples with magnetic beads, two
different concentrations, 0.1 mg/ml and 0.5 mg/ml of the beads were added.
Determination of Pure ECM Stiffness The stiffness of pure ECM is obtained
from linear-fitting of the force-deformation curve of pure ECM generated from
experimental data. The parameter E1 in the SLSM model (shown in Figure
5.2 ) is the parameter determines the steady deformation of the ECM under
external forces, while E2 is only relevant to the rate of approaching the steady
deformation. Here E2 is randomly chosen to be 500 Pa in the simulation as it
has negligible impact on the result concerning the change in ECM stiffness. The
parameters E1 and η were obtained by linear-fitting of the force-deformation
curves shown in Figure 5.7, which were obtained experimentally. The thick
straight line in the figure is result of the linear-fitting, whose slope is the stiffness
of the pure ECM, while the initial offset is related to the viscosity of the pure
ECM. Based on the stiffness, the Young’s modulus of the pure ECM Epure ≡ E1
is calculated from Epure = kL/A, with the stiffness k = 0.003 N/mm, the cross-
sectional area of the ECM A = 48 mm2, and the length of the ECM L = 28 mm.
(In the experiment the original length of the ECM samples was 33 mm. With the
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two ends of the sample clamped by the micro-force tester, the effective length of
the ECM was thus reduced by 5 mm.) The Young’s modulus Epure is calculated
to be 1750 Pa. The offset z in Figure 5.7 is used to calculate the viscosity η
of the ECM based on the equation η = zL/(Aε˙), with z = 0.0023 N and the
deforming rate ε˙ = 10 mm/min (which is the rate used in the experiment). The
viscosity of the ECM is calculated to be 134 Pa·min.

















Figure 5.7: Force-deformation relationship of pure ECM samples.
Comparison between Simulation and Experimental Results The experi-
mental results reported in this paper demonstrate that, by embedding magnetic
beads in a ECM through bio-conjugation between the Streptavidin-coated beads
and the collagen fibers, the apparent stiffness of the ECM can be actively ma-
nipulated by the application of an external magnetic field. Such active manipu-
lation can produce significant change in the stiffness of the ECM. Specifically,
the increase is 63% in the case of using beads of 0.5 mg/ml (i.e., from 0.0068
N/mm to 0.0111 N/mm). A similar observation can be made for using beads
of 0.1 mg/ml, which shows an increase in stiffness of 59% (i.e., from 0.0037
N/mm to 0.0059 N/mm). Furthermore the stiffness of the modified ECM with
a lower concentration of beads is very close to that of the pure collagen when
the without magnetic field is off. This clearly indicates that embedding beads at
a low concentration alone will not significantly alter the mechanical properties
of the modified ECM; the change in stiffness become significant only when an
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Table 5.2: Young’s moduli of the modified ECMs.
Bead concentration (mg/ml) Simulation Experimental
0.1 0.0053 0.0059
0.5 0.0103 0.0111
external magnetic field is applied.
Table 5.2 shows the values of the Young’s modulus of the modified ECM ob-
tained from the model and from the experiments. It can be seen that the analyti-
cal results are in close agreement with that obtained from the experiments.
5.3.2 Microscale Model
The mechanism of changing micro-scale extracellular matrix apparent stiffness
could be understood as follows: when exposed to a magnetic field, the magnetic
beads bound to the collagen fibrils generate a pre-tension in the ECM. Since the
ECM is confined on all sides except the top surface where indentation occurs,
one consequence of this pre-tension manifests in a change in the height of the
ECM (i.e., a deformation in the z-direction). This change in height is positive
(i.e., an increase, with respect to the original height) for region closer to the
magnet and negative for region further way from the magnet.
Let δˆp denote the total z-direction deformation of the ECM at a point p on that
surface due to the pre-tension in the x-direction. Suppose that for a pure ECM
sample that contains no beads a force F0 is required to achieve a z-direction
indentation of δ from the point p, and that for a ECM sample embedded with
beads and under the influence of a magnetic field an indenting force F ∗ is re-
quired to achieve the same δ. In general F ∗ differs from F0 due to the effect of
the pre-tension. For instance, when the deformation is positive (i.e., δˆp > 0) we
have F ∗ > F0 for the same δ, since an extra force of ΔF = F ∗ −F0 is required
to overcome the effect of the pre-tension due to the magnetic forces.
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We refer to ΔF (for all δ) as the change in the indentation force due to the effect
of the pre-tension. It reflects the change in the apparent stiffness of the ECM
with respect to the point p. We represent this change in the apparent stiffness in
terms of the change in the Young’s modulus of the ECM as ΔE = E∗ − E0,
where E∗ is the Young’s modulus of the ECM embedded with beads and in the
presence of the magnetic field, while E0 is the Young’s modulus of the pure
ECM. To predict ΔE, we need to estimate E∗.
Section 5.3.2.1 presents an analytical method for determining δˆp, while Sec-
tion 5.3.2.2 describes our approach for analytically estimating the new apparent
Young’s modulus E∗ based on δˆp and E0.
5.3.2.1 MicroScale Deformation of ECM Subjected to Pretension
We consider an ECM sample embedded with N beads uniformly distributed
therein. Let S denote the set of all points on the top surface of the ECM in the
absence of any pre-tension. Let δˆp,j denote the z-direction deformation at a point
p = (xp, yp, zp) ∈ S due to the pre-tension generated by the magnetic force Fj
acting on a single bead j located at a distance of dx from the magnet and at a
distance of rj,p = |rj,p| from p, as is illustrated in Figure 5.8. Summing up such
deformations at p due to all N beads yields the total z-direction deformation at





We adopt the approach proposed by Landau and Lifshitz [118] [119] to calculate
δˆp,j . Consider a spherical bead j with radius ρ subjected to a force Fj that acts
in the positive x-direction and is distributed over a contact circle of radius aj .
Assume that Fj is applied at the center of a semi-infinite solid, which coincides
with the center of the bead at (xb, yb, zb), as shown in Figure 5.8. Then for a
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Figure 5.8: Schematic illustration of setting for calculating the deformation of ECM
due to pre-tension in x-direction.
point p ∈ S, δˆp,j can be expressed as
δˆp,j =
∫ ∫
Px(aj)Gxz(rj,p) dA , (5.7)
where Px(aj) is the Hertz pressure field, Gxz(rj,p) is the Green’s function, and
A is the contact region, i.e., A = πa2j . The Hertz pressure field generated by the
bead j (due to Fj) is
Px(aj) =
2E0 aj
πρ(1 − ν2) , (5.8)
where ν is the Poisson’s ratio, and the contact radius aj can be expressed as
aj =
(




The Green’s function describes the displacement created in the z-direction by a
force acting in the x-direction, and can be written as [14]
Gxz(rj,p) =





where dj is the length of the x-axis component of the vector rj,p, i.e., dj =
|xp − xb|.
Using Equations (5.6)-(5.10), we conducted a numerical simulation to deter-
mine δˆp for an ECM sample (with a dimension of 25×15×0.8 mm) used in the
experiment. The simulation involved a total of N = 1.5 × 106 beads, distribute
88
uniformly in 14 layers covering a physical depth of 0.8 mm in the z-direction,
with each layer containing a 429×258 grid of beads over a physical dimensions
of 25 mm × 15 mm. The distance between any two adjacent beads in x, y, or
z direction is approximately 60 μm. A total of 429× 258 = 110, 682 points on
the top layer were chosen in the calculation of δˆp. To ensure that the simulation
was consistent with the actual indentation process, these points were purposely
selected to be 5 μm away in the x-direction from a bead in the top layer lo-
cated just beneath the top surface of the ECM, and in between that bead and the
magnet.
Figure 5.9 shows the deformation δˆp of the top surface of the ECM obtained
from the numerical simulation. In this simulation, the magnet is located at x =
0.015 m. The value of δˆp ranges from −3 μm (at locations furthest from the
magnet) to 2 μm (at locations near the magnet).
Figure 5.9: ECM deformation (due to magnetic forces acting on all embedded beads)
obtained by numerical simulation.
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5.3.2.2 MicroScale ECM Stiffness Modified by a Magnetic Field
Figure 5.9 shows that the deformation of the top surface of the ECM due to the
x-direction pre-tension can be positive or negative. In the subsequent analy-
sis, we focus on the case where the deformation is positive, i.e., δˆp > 0. The
same approach, however, can be readily applied to the case where δˆp < 0, as is
highlighted in the remark at the end of this section.
For a pure ECM sample, the force-deformation relationship is described by F =
λ0 δ
3/2
, where λ0 = 4E0
√
R
3(1−ν2) . Consequently, for an ECM sample embedded
with magnetic beads and under the influence of a magnetic field, the force-
deformation relation can be expressed as
F = λ0 δ
3/2 +ΔF , (5.11)
where ΔF is the extra force required to overcome δˆp in order to achieve the same
δ as in the case of pure ECM. Now imagine that the top surface is confined in
the same way as all the other surfaces of the ECM, and hence is not allowed
to deform upwards when under the x-direction pre-tension generated by the
magnetic forces acting on the beads. This in effect leads to the pre-tension in
the x-direction being transduced into a upward tension in the z-direction. This
upward tension then acts against the indentation, leading to an increase in the
indentation force F for the same indentation depth (as compared to the case
of pure ECM). This force-deformation relationship can be defined by the new
value of the Young’s modulus E∗, and can be expressed as
F = λ∗δ3/2 , with λ∗ = 4E
∗√R
3(1− ν2) . (5.12)
The extra force ΔF can be calculated based on Equation ΔF = λ0 δˆ 3/2p . Since
δˆp depends on the configuration involving the ECM and the magnet and is in-
dependent of δ. We can consider δˆp, and thus ΔF , to be fixed quantities with
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respect to a given point p in an indentation process where δ = 0.
For a given ECM-magnet configuration, the plot of Equation (5.11) can be ob-
tained by shifting the plot of F = λ0 δ3/2 upwards by a constant ΔF . This
up-shifted plot can be readily generated for any given point p ∈ S, since λ0
contains only known parameters, and δˆp can be calculated by numerical simula-
tion (as was presented in Section 5.3.2.1). By a curve-fitting process that yields
a value for λ∗ that minimizes the difference between the plots of Equation (5.11)
and Equation (5.12) over a range of δ values (as is illustrated in Figure 5.10),
the value of E∗ can be estimated.
F
δ

















Figure 5.10: Determination of λ∗ by curve-fitting.
The curve-fitting process is as follows. A set of δ values are chosen for which
the corresponding values of F are determined by using Equation (5.11). The
equation F = λ∗ δ3/2 is then used to fit these F -δ value pairs using the Trust-
Region-Reflective Least Square algorithm provided in MATLAB R© to yield the
optimal value for λ∗. The value of E∗ is then calculated from the expression for
λ∗ in Equation (5.12).
Figure 5.11 shows the plots of Equation (5.12) with the optimal λ∗ for the cases
where the indenting points are 4 mm, 5 mm and 7 mm away from the mag-
net. The Young’s modulus E∗for these three cases were calculated as 27.64 Pa,
25.51 Pa, and 23.91 Pa, respectively. Compared to E0 = 22 Pa (which was
experimentally determined), the stiffness of the region of the ECM 4 mm away
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from the magnet is increased by 26%. As the distance increases to 5 mm and 7
mm, the change in stiffness are 15.9% and 8%, respectively.
Figure 5.11: Plots of force F versus indentation depth δ at points 4 mm, 5 mm, and
7 mm away from the magnet for ECM embedded with magnetic beads, and for pure
ECM.
Remark: The above curve-fitting approach was formulated based on the case
where δˆp > 0. For the case where δˆp < 0, the same approach applies. The




0 for δ < |δˆp|
λ0 δ
3/2 for δ ≥ |δˆp| .

5.3.2.3 Verification and Validation of the Microscale Model
Experimental Protocol An AFM shown in Figure 5.12 is used to indent ECM
samples to generate force and displacement data for estimating the value of
the Young’s modulus of the ECM. This magnetic field is oriented such that the
magnetic force acting on a bead is orthogonal to the direction of the indentation,
as is illustrated in Figure 5.13.
The collagen was prepared according to the recipes listed in Table 5.3. All
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Figure 5.12: Atomic force microscope.
Table 5.3: Protocol for collagen preparation for indentation
Components No beads Streptavidin-coated
magnetic beads
Collagen (4.62 mg/ml) 0.216 ml 0.216 ml
Water 0.137 ml 0.131 ml
PBS (10x) 0.040 ml 0.040 ml
NAOH (0.5 N) 0.007 ml 0.007 ml
Beads (5 mg/ml) 0 ml 0.006 ml
Total 0.400 ml 0.400 ml
samples prepared from 2.5 mg/ml of Rat Tail Collagen Type 1 from BD Bio-
sciences. The streptavidin-coated magnetic beads, BM551, with a diameter of
1.5 μm, were procured from Bangs Laboratory, Inc. For all cases, the samples
have identical bead concentrations of 0.075 mg/ml. A 4 mm3 cubic perma-
nent magnet, made of N50 Grade Neodymium Iron Boron and procured from
Liftonmagnet, was placed in the holder. This magnet is capable of generating
approximately 6400G surface Gauss and 14500G residual induction (Br).
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(a) (b)
Figure 5.13: Schematic illustration of the indentation with the magnetic field.
Comparison between Simulation and Experimental Results According to
the experimental results, the stiffness of the ECM at a location 4 mm away from
the magnet is increased by 17% due to the magnetic field. This experimental
result is comparable to the 26% increase predicted by the analysis). This dis-
crepancy reflects the difference between the indentation force calculated by the
analysis and that determined by the AFM. There are three main causes for this
difference.
The first is that the actual magnetic forces experienced by the beads in the ECM
may differ significantly from theoretical results, due to the fact that the per-
centage of magnetizable material (i.e., Fe2O3) in each bead varies because of
manufacturing irregularities, whereas the analysis does not consider such varia-
tions.
The second cause is that the value of the Poisson’s ratio used in the analysis may
not reflect the actual value of that of the ECM used in the experiment. The value
of ν = 0.5 was used for the ECM samples in the analysis, under the common
assumption of incompressibility due to their high water content [118]. However
it has been reported that the Poisson’s ratio for collagen type I matrices may
range from 0.15 to 0.48 [120].
The third cause concerns the structural characteristics of the ECM samples. The
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analysis considers the ECM samples to be uniform and non-porous, while the
physical ECM samples are highly heterogenous (leading to variations in the
readings from the AFM over the selected indentation sites).
5.4 Summary
This Chapter presents an approach to adjusting ECM stiffness. It is based on
the creation of pretension in an ECM using a magnetic field combined with
large amounts of micron-sized magnetic beads attached to ECM fibers. This
system provides an engineered platform for studying possible influence of ECM
stiffness on cell behavior. Moreover, two novel models are presented, which
establish a mathematical basis for analysing pretension-induced stiffening. The
efficacy of the macro-scale model was examined by comparing its result with
that from the tensile tests. The experimental results about Youngs modulus for
the beads-containing ECM are 0.0059 N/mm at bead concentration of 0.1 mg/ml
and 0.0111 N/mm at 0.5 mg/ml, whereas the results from the model are 0.0053
N/mm and 0.0103 N/mm, respectively. The consistency between the analytical
results and the experimental results could be observed.
The performance of the micro-scale model was examined by comparing its re-
sult with that from the indentation tests on the AFM. The experimental results
show that ECM stiffness at a location 4 mm away from the magnet is increased
by 17% due to the magnetic field. It is comparable to the 26% rise estimated by
the analytical model. This small discrepancy may be due to the following two
reasons: first, the actual magnetic forces experienced by the beads in the ECM
may differ significantly from the theoretical results, caused by the percentage of
magnetizable material in each bead varying because of manufacturing irregular-
ities, whereas the analysis does not consider such variation; second, the value of
the Poisson’s ratio used in the analysis may not reflect the actual value of that of
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the ECM used in the experiment.
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Chapter 6
Conclusion and Future Work
6.1 Conclusion
This work contributes to characterizing the mechanical interactions between
ECs and an ECM, via the development of tools for (i) detecting cell gener-
ated ECM deformation, (ii) reconstructing traction force and (iii) characterizing
ECM stiffness.
This dissertation reports an approach to detecting cell-induced ECM deforma-
tion in 3D that integrates the bead-based method and a self-developed collagen
fiber tracking technique. While tracking the movement of the beads yields infor-
mation about the deformation in the bead positions, the collagen fiber tracking
has the potential in revealing the displacement of a whole collagen fiber. This
approach extends the 2D or 2.5D analysis of most existing studies. The accu-
racy could reach sub-pixel resolution. A set of newly identified characteristics
pertaining to EC-ECM mechanical interactions are presented, including (i) the
patterns of ECM deformation mediated by the tip cells and those mediated by
the stalk cells, (ii) the areas affected by the tip cell and the stalk cells, respec-
tively, and (iii) the collagen fiber remodeling.
According to our knowledge, this is the first time that the tip cell has been com-
pared with the stalk cell in interaction with an ECM. Our findings show that the
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tip cell and the stalk cell exhibit significantly different behaviors. The tip cell ex-
hibits mainly four types of behavior, namely, protrusion-related push, retraction-
related push, pull, and release, while the stalk cell has only two types, namely,
pull, and migration-related push. Our observation about the centripetally dis-
tributed bead displacement vectors (pointing inward toward the tip cell from
all directions) extends the previously reported result about the two-dimensional
pull of the cells cultured on the substrates. Our finding on the protrusion-related
push contradicts the suggestion in another study that the filopodia usually pro-
trude along collagen fibers with a negligible pushing force exerted on collagen
fibers. The strongly positive correlation (λ ≈ 0.75) between the contraction-
related pull and the protrusion-related push indicates that the balance between
the protrusive force and the contractile force may also happen in the cells in the
3D matrices, not only in those migrating over the substrates. The retraction-
related push on the matrix identified was probably due to the failure of a lamel-
lipodium in forming a stable attachment to the ECM. The dynamics of the lamel-
lipodium branches evolving differently were tracked down. The comparison re-
sults show that they are significantly different in the protrusive scale, but have
comparable pull scales. This phenomenon could be explained based on the mo-
tor clutch model. They were probably experiencing different resistance in the
myosin-driven retrograde flow by the loading forces in the matrix. The subse-
quent change in the heading of the sprout from the long-axis direction of the
retracting branch to that of the protruding one supports the suggestion that sta-
ble lamellipodial protrusion forming mature contacts with an ECM would guide
cell migration.
Our findings contribute to understanding the role of stalk cells in sprout elonga-
tion. A general assumption is that a sprout elongates as stalk cells proliferate or
are pulled by the tip cell; yet there is also the assumption that the shuffling (i.e.,
backward and forward) movement of the stalk cells pushes the sprout forward.
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Consistent with the latter assumption, our findings on the migration-related push
of the stalk cell in the direction of its migration hint at the migration-driven push
of the lumen where the stalk cell is located. In addition to the migration-related
push, a pull action is found to be associated with the stalk cell during the period
of sprout elongation, which may be coupling to the shuffle of the stalk cell or
cytoskeleton organization that has been reported to be crucial to cell survival.
The influence of the stalk cell via the pull action does not reach as far as that of
the tip cell, due to the absence of long filopodia in the stalk cell.
The tip cell and the stalk cells collectively reposition collagen fibers in their
vicinity and reorient the fibers to form a well-organized ECM structure. Through
its out-of-plane pulling action, a tip-cell lamellipodia gathers collagen fibers
from far away regions to regions near itself, resulting in heterogeneous spatial
distribution of collagen fibers in the matrix. Such a modification of the ECM
structure seems almost reversible, as it has been observed that, when the pulling
scale is attenuated by branch B1, large amount of collagen fibers clustering at
the region of this branch return to their original positions. In conjugation with
their repositioning, collagen fibers are reoriented in radial directions ranging
from 125◦ to 160◦, or from 35◦ to 55◦, to form a “contact guidance” for sprout
elongation. This suggests an alignment driven by contraction of the stress fibers
due to actin-myosin interaction. In addition, alignment of collagen fibers might
also be driven by lumen elongation, as can be inferred from very similar orien-
tation of the collagen fibers located on both sides of the lumen segment where
stalk cells were located.
This dissertation also introduces a high-accuracy 3D TFM that is useful in re-
constructing 3D traction force. It strategically solves the singularity problem
with the Green’s function by the GPI method. It improves the traditional method
that truncates the deformation data acquired in the positions in the vicinity of
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the force points. The results show that the GPI method makes the TFM method
less sensitive to noises in the deformation data compared to the TRU and MVI
method. As the noise level was increased to 20 dB, the τ achieved by TRU
method dropped drastically by 87% from 0.47 to 0.06, while that of the GPI
method decreased by only 20%. Further increasing the noise level, the τ of the
TRU method became smaller than zero, indicating that the error turned out to
be as large as the simulated force. By contrast, the GPI method could maintain
the accuracy of 20%. Comparative studies show that the use of the GPI method
could produce an τ more than 1.5 higher than the FTTC and VDtm method, even
under relatively high noises. In addition, our findings suggest that force recon-
struction is highly dependent on the element order and the mesh size. Increasing
the complexity of the shape function by raising the element order may not nec-
essarily induce better accuracy. Using a fine mesh is always an effective way of
improving accuracy, but with the sacrifice of computational efficiency.
According to our knowledge, this is the first time that the effects of boundary
and force conditions with the Green’s function on force reconstruction have been
investigated. The study implemented the three solutions of the Green’s function,
namely (i) the Kelvin solution for an unbounded medium, (ii) the Landau and
Lifshitz solution for a half-space medium bounded by a free surface and sub-
jected to point forces acting on the free surface and (iii) a self-derived Green’s
function matching the experimental setting. The results suggest that using (iii)
led to an τ that is more than 1.6 and 4 times higher than that from (i) and (ii),
respectively. The analysis of the magnitude and angle error indicates that (i) and
(iii) almost produced comparable magnetic errors, but with the different angle
errors.
Following the assumptions made on the mechanical properties of the ECM, we
applied the SCtm method to calculate traction forces in a real situation when the
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sprout invades the ECM during the early stage of angiogenesis. We considered
the sprout as a whole instead of isolating single cells, which marks a point of
departure from most other studies. Moreover, our results indicate traction forces
that were exerted within the time interval between two consecutive images rather
than within the period from cell seeding to the treatment of trypsin, which was
addressed by most previous studies. The comparison among the results obtained
using different approaches visually supports the findings from simulation stud-
ies about the efficacy of the GPI method in improving the performance of TFM,
as well as the necessity of customizing the Green’s function according to the
boundary and force conditions of the actual ECM.
Last but not least, this dissertation introduces an approach to adjusting ECM
stiffness. It is based on the creation of pretension in an ECM using a magnetic
field combined with large amounts of micron-sized magnetic beads attached to
ECM fibers. This system provides an engineered platform for studying possi-
ble influence of ECM stiffness on cell behavior. Moreover, two novel models
are presented, which establish a mathematical basis for analysing pretension-
induced stiffening. The efficacy of the macro-scale model was examined by
comparing its result with that from the tensile tests. The experimental results
about Youngs modulus for the beads-containing ECM are 0.0059 N/mm at bead
concentration of 0.1 mg/ml and 0.0111 N/mm at 0.5 mg/ml, whereas the re-
sults from the model are 0.0053 N/mm and 0.0103 N/mm, respectively. The
consistency between the analytical results and the experimental results could be
observed.
The performance of the micro-scale model was examined by comparing its re-
sult with that from the indentation tests on the AFM. The experimental results
show that ECM stiffness at a location 4 mm away from the magnet is increased
by 17% due to the magnetic field. It is comparable to the 26% rise estimated by
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the analytical model. This small discrepancy may be due to the following two
reasons: first, the actual magnetic forces experienced by the beads in the ECM
may differ significantly from the theoretical results, caused by the percentage of
magnetizable material in each bead varying because of manufacturing irregular-
ities, whereas the analysis does not consider such variation; second, the value of
the Poisson’s ratio used in the analysis may not reflect the actual value of that of
the ECM used in the experiment.
These enabling techniques and a set of newly identified characteristics of EC-
ECM interactions pertaining to angiogenic sprouting collectively represent an
incremental step toward developing a better understanding of the mechanisms
behind angiogenesis.
6.2 Future Work
This dissertation reports a set of newly identified characteristics of EC-ECM
interaction during angiogenic sprouting in a three-dimensional ECM from a
purely mechanical perspective. Molecular signaling of this type of interaction
has been studied via pathways such as Rac, Cdc42 [123], integrins [124, 125],
talin and vinculin [126] and VEGFR-2 [106]. Combining these molecular sig-
naling approaches with our results could lead to new insight into cell-ECM com-
munication and interaction. Moreover, the PCmR method provides a basis for
direct investigation of the influence of mechanical and structural properties (e.g.,
stiffness gradients, collagen fibers arrangement, and mesh size of collagen fiber
bundles, etc.) of a three-dimensional ECM on cell migration by integrating both
lamellipodia dynamics and cell-induced collagen fibers rearrangement. This
type of investigation may have significant implications in translational medicine,
such as in tissue engineering and wound healing.
While the SCtm method provides an effective way of investigating traction force
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of a cell encapsulated in 3D matrix, there are still some issues to be investigated
in the future: firstly, the application point of the traction force was assumed to
be consistent with the nodal point at the sprout surface, causing the force scale
to vary with mesh sizes. Restricting the application point traction force to be
located at the identified areas of focal adhesions would be helpful for gener-
ating more accurate results. Secondly, we found that the combined effects of
the deformation at different ECM regions may lead to an unpredictable pattern
of traction forces (or a meaningless result), even for deformation with distin-
guishable patterns. One possible solution is to take only the deformation at the
surrounding areas into account. Last but not least, traction force reconstruction
was found to be extremely sensitive to cell morphology and location relative
to the ECM, which raises a great need to advance the techniques of 3D cell
reconstruction.
Our analytical models enable the determination of the stiffness of a modified
ECM sample corresponding to a given external magnetic field without having
to conduct a stretch test on the sample involving the instrumentation for the
generation of that specific external magnetic field. This is particularly useful
in an application where the stiffness of the modified ECM is being actively
manipulated by dynamically varying the strength of the external magnetic field.
To further enhance the accuracy of the model, we may need to consider the
following points: (i) the effects of variables such as bead concentration, the
location of and strength of the magnetic field and (ii) the potential influence of
the presence of the beads on cell behaviors.
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Appendix A
G˜ for the n nodal points is denoted as G˜d, while that for one Gaussian point























G˜n1 G˜n2 . . . G˜nm
G˜g1 G˜g2 . . . G˜gm
⎤
⎥⎥⎥⎥⎥⎥⎥⎦
According to the definition of G˜, the following equation holds,
G˜′F T = σ˜T (F.1)
σ˜ = [σdxx σgxx], σdxx and σgxx are x-directional stress at the nodal points and
the Gaussian point, respectively. For the isoparametric element, σgxx could be
further expressed as a linear combination of components of σdxx with weights




Considering Equation F.1 and Equation F.2 together, the last row of G˜′ is thus
a linear combination of the remaining rows. We then get F.3, where G˜gj (j =




where G˜j = [G˜1j G˜2j . . . G˜nj]. With Equation F.3, we could estimate G˜ at
the nodal points that are also the application points of the simulated traction
forces.
Specifically, let k denote index of the node where the traction force lth is exerted.
The value of G˜ at the node k (i.e., G˜kl) is given by Equation F.4, i = 1, ..., k −
1, k + 1, ..., n. For better accuracy, we averaged G˜kl obtained from a set of
Gaussian points.





































































) = fˆ(−x · −x
r3
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where fˆ denotes the Fourier transform of f . Based on the equation F.7,
(F.7)FT (x · f(x, y)) = i ∂
∂kx
fˆ(x, y),














With the equation F.9 and F.10,
(F.9)FT (∂f(x, y)
∂x
) = ikxfˆ(x, y),
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(F.10)FT (r−1) = 4π|k|2
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